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      Membrane fusion is a ubiquitous and essential intracellular function. Membrane fusion is 
mediated by a protein superfamily known as N-ethymaleimide-sensitive fusion protein 
attachment protein receptors (SNAREs). From plant to mammal, there is a remarkable 
sequence similarity among the SNARE-family related to the conserved function of this 
family. The function of SNAREs has been proposed to be the key to membrane fusion as 
minimal fusion machinery.  Depending on their distinct membrane distribution, SNAREs 
were classified into v (vesicle)-SNAREs and t (target)-SNAREs. It is widely believed that 
SNARE complex assembly by v- and t- SNAREs on opposite membranes offers the ultimate 
driving force for membrane fusion. 
     The purpose of this work is to investigate the structure dependent SNARE functions. Here 
we use biophysical methods of EPR (Electron paramagnetic resonance) to study the structure 
of SNARE proteins. Florescence lipid mixing assay is the biochemical method which is used 
to monitor SNAREs facilitated liposomes fusion in vitro. EPR study of SNARE assembly 
and v-SNARE membrane proximal region topology unravel that constitutive or regulated 
membrane fusion is determined by a protein structure difference. Yeast v-SNARE 
transmembrane domain (TMD) structure was modeled by the EPR method. The TMD of 
yeast v-SNARE half truncated mutant is designed from this structure. This mutant and the 
low SNAREs surface density lead to the discovery of membrane fusion intermediate state-
hemifusion. Finally, lipid mixing assays help to identify the neuronal SNARE motif is the 
position to adopt the regulator of fast neuron transmitter release -SynaptotagminI for its 
function. 
 1 
CHAPTER 1: GENERAL INTRODUCTION 
 
1.1 Introduction of biological membrane fusion 
    In eukaryotic cells, all the cell components and different organelles are separated by 
lipid membrane structures. To maintain the basic cell function and keep the cell integrity with 
all intracellular organelles at all times, it is necessary to have a net connection among all 
these parts. Vesicles budding and fusion realize this part-to-part communication (Bonifacino 
and Glick, 2004). Typically, vesicles pick up the cargo molecules from one organelle and 
then send them to the destination organelle (Chen and Scheller, 2001). This is a vesicle 
budding, recognizing the target and merging procedure (Fig.  1). Membrane fusion is the 
final step of the vesicle transport pathway (Bonifacino and Glick, 2004). This essential fusion 
event can delivery fresh lipids and proteins to the target membrane and release the hormone 
and neurotransmitter to the synaptic cleft. Membrane fusion is an energy consuming process 
(Chernomordik and Kozlov, 2003) and it can’t happen spontaneously. Membrane fusion 
requires that some specific fusion protein be played in. There is a super protein family called 
SNARE (soluble N-ethyl maleimide sensitive factor attachment protein receptor) proteins, 
which are the catalyst for membrane fusion in exocytsis. (Brunger, 2001; Chen and Scheller, 
2001; Jahn et al., 2003; Jahn and Scheller, 2006; Rizo and Sudhof, 2002) 
 
1.2 The SNARE proteins  
    Over the past two decades, SNARE (soluble N-ethyl maleimide sensitive factor 
attachment protein receptor) proteins have been identified as the key player for most of the 
intracellular membrane trafficking events (Fig. 2). This protein superfamily includes more 
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than one hundred proteins from plant to human. (Jahn and Scheller, 2006; Jahn and Sudhof, 
1999). In their basic sequences, all SNAREs share a common homologous region of 60-70 
amino-acids called SNARE motif (Weimbs et al., 1997). This conserved SNARE motif is the 
hallmark of this protein family. Initially, the SNAREs were classified into v-SNAREs 
(located on the vesicle membrane) and t-SNARE (located on the target membrane) 
depending on their vesicle or target membrane localization (Rothman, 1994; Sollner et al., 
1993b) . There are two groups of well studied SNAREs. One is involved in the yeast 
secretary pathway, another worked for neuronal synaptic vesicle excytosis. In the neuron 
group, there are three components: VAMP2 (Vesicle Associate Membrane Protein 2) also 
called SynaptobrevinII is a vesicle anchored SNARE protein (Trimble et al., 1988), SNAP-25 
(Oyler et al., 1989) and Syntaxin1A (Bennett et al., 1992) are two t-SNAREs, residing on the 
plasma membrane. They are the first group of SNAREs to be discovered. In the other group 
of yeast SNAREs, the three SNAREs are the homology of neuronal. They are Snc2p 
(v-SNARE)(Protopopov et al., 1993), Sso1p and Sec9 (as two t-SNAREs)(Aalto et al., 1993; 
Brennwald et al., 1994). These two groups of SNAREs share a high degree of high similarity 
in their general structure. VAMP2 and the yeast homology-Snc2p as v-SNARE have one 
conserved SNARE motif in the membrane proximal region. Both of them have a C-terminal 
transmembrane domain helping them to attach on the vesicle. A short linker region can 
connect the SNARE motif and the transmembrane domain (Fig. 3a). Sytaxin1A and Sso1p, 
the counterpart of yeast, are located on the target membrane directly. These two SNAREs 
have their SNARE motif linked with the C-terminal transmembrane domain by a short linker. 
The very special structures of these two SANREs are their long N-terminal domain. (Fig. 3a 
and Fig. 3b).  This N-terminal motif is independently folded into an antiparellel three-helix 
  
 3 
bundle called the Habc domain (Dulubova et al., 2001; Fernandez et al., 1998; Lerman et al., 
2000). The well organized Habc domain can bind with its own SNARE motif to form a 
“closed” conformation of syntaxin1A or Sso1p (Dulubova et al., 1999; Fiebig et al., 1999). 
The function of the Habc domain has been thought to be a regulatory factor for SNARE 
complex assembly (Dulubova et al., 1999; Munson et al., 2000). SNAP-25 and Sec9 (yeast 
version of SNAP-25) are soluble proteins without transmembrnae domain. Both of them have 
two conserved SNARE motifs, with a flexible linker connected to the C- and N-terminal 
SNARE motif (fig. 3a).(Brunger, 2006) Even without the transmenbrane domain, SNAP-25 
still can achieve the membrane anchorage by a post-translational attached lipid. In the 
SNAP-25 linker region, there are four cysteins, which can be palmitoylated and thereby 
attach SNAP-25 to the target membrane (Hess et al., 1992; Vogel and Roche, 1999). 
 
1.3 Structure of SNARE Core Complex  
    In the neuron, VAMP2, Syntaxin1A and SNAP-25 can form a heterotrimeric SNARE 
complex through their SNARE motif at the 1:1:1 ratio. This complex core is a parallel four 
α-helices bundle (Poirier et al., 1998b; Sutton et al., 1998). This “core complex “is extremely 
stable. It is resistant to disassembly by SDS denaturation and heat melting up to 90 degrees. 
Also, this stable complex can prevent digestion by protease and cleavage by clostridial 
neurotoxin.(Fasshauer et al., 1998a; Hayashi, 1997; Poirier et al., 1998a) In yeast, the 
SNARE complex also shows a similar four helices structure by NMR (Fiebig et al., 1999). 
     The crystal structure of the neuronal “core complex” reveals the detail of this stable 
structure (Fig 4). It is a highly twisted four α-helices bundle (one from VAMP2, one from 
Syntaxin1A and two from SNAP-25) (Fig. 4a). Inside the four helices bundle, there are 
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sixteen stacked layers of interacting side-chains (Fig. 4b). Most of these interactions are ionic 
interactions except for the center-zero layer, which is a hydrophobic interaction. In the zero 
layer, there are four residuals (one arginine (R) from VAMP2 and three glutamates (Q) from 
Sytaxin1A (Qa) and SNAP-25 (Qbc)) (Fig. 4c)(Sutton et al., 1998). Sequence alignment 
results show that the center ‘zero’ layer of the SNARE motif is almost completely conserved 
throughout the entire SNARE family. So this family can be reclassified into R- and Q (Qa, 
Qb, Qc)-SNARE (Fasshauer et al., 1998b; Weimbs et al., 1997). This is a more sophisticated 
classification than the v-and t-SNARE definition, because the confusion of the homotypic 
membrane fusion (Nichols et al., 1997) from v- and t- terms can be avoided. In this thesis, I 
still prefer to use the v- and t-SNARE terminology, because it is more straightforward in 
demonstrating my research system. 
 
1.4 SNARE complex assembly  
    Most isolated SNAREs with their free SNARE motif are unstructured in solution. Once 
appropriate SNARE motifs assemble, the SNARE motif becomes as well-structured α-helix 
(Fasshauer, 2003). SNAREs assembly is an ordered, sequential process rather than a random 
collish reaction. Typically, the SNARE complex capable of driving membrane fusion is 
called trans-SNARE complex (Fig. 6b), which have the transmembrane domains residing on 
separate membranes. In neuron, the trans-SNARE complex assembly goes through three 
major conformational change steps (Fasshauer et al., 1997a; Fasshauer et al., 1997b; Toonen 
and Verhage, 2003). First, the N-terminal half of Syntaxin1A SNARE motif is occupied by 
its Habc domain in an antiparallel four helices structure.  This is the “closed” conformation 
of Syntaxin1A, which prevents the SNARE motif from joining the SNARE complex. The 
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regulatory factor set the Syntaxin1A SNARE motif free from the Habc domain to an “open” 
conformation. Then SNARE motifs of SNAP-25 can access the Syntaxin1A SNARE motif 
and form a binary complex. This binary complex is the precursor to the adoption of the 
SNARE motif of VAMP2. After VAMP2 enters into the SNARE complex; the ternary 
trans-SNARE complex assembly is completed (Fig.  5). After fusion, the SNARE complex 
trnasmembran domains all attach on the same membrane, this complex is called the 
cis-SNARE complex (Fig. 6b). ATPase N-ethylmaleimide-sensitive factor (NSF) can 
disassemble the cis-SNARE complex and recycle individual SANREs for the next round 
circle of fusion (Hanson et al., 1997; Hohl et al., 1998; Lenzen et al., 1998). In yeast, SNARE 
assembly is like the neuronal case. Sso1p, its own structure, also needs to transit through 
“closed” to “open” conformational change, but this change happens with the binding of Sec9 
(Fiebig et al., 1999). 
 
1.5 “Zippering” model and SNARE mediate membrane fusion  
     In the SNARE complex structure, the parallel orientation of the four helices bundle 
makes both transmembrnae domains at the same end of the complex. This led researches to 
propose the “zippering” model (Hanson et al., 1997; Jahn and Hanson, 1998; Lin and 
Scheller, 1997). SNAREs residing on the opposite membrane (vesicle or target membrane) 
facing each other, will “zipper up” from the N-termini of the SNARE motif to the C-termini 
(Chen et al., 2001a; Melia et al., 2002; Xu et al., 1999). During this “zippering” process, 
proteins convert from a largely unstructured conformation to a highly structured complex and 
energy release upon this dramatic conformational changing. The released energy will 
overcome the energy barrier between the opposite membranes to drive fusion. In membrane 
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fusion, the cognate SNAREs on distinct membranes will recognize their partner to form the 
trans-SNARE complex. This SNARE proteins recognition is responsible for the fusion 
specificity (McNew et al., 2000a). 
    Membrane fusion needs to put the two membranes into close proximity (Hanson et al., 
1997) in advance. This job is finished by the trans-SNARE complex ‘zipping’ up. Then the 
hydrophilic–hydrophobic boundary of the bilayers is disrupted. An aqueous pore opens 
through the bilayers: the content packed in two membranes is mixed. There are two models 
to demonstrate the detail transit status of fusion pore opening. One is fusion through 
hemifusion model (Chernomordik and Kozlov, 2005) (Fig 7a). In this model, the force from 
the trans-SNARE complex formation bends the two opposite membranes. The energy 
transducts from complex to membrane. The transmembranes domain may use the energy or 
itself  to be capable (Langosch et al., 2001) of driving the membrane proximal leaflet 
deformed, then fusion stalk formed (Kozlovsky and Kozlov, 2002; Markin and Albanesi, 
2002). In this intermediate (termed as hemifusion), the lipid of the proximal leaflet is already 
exchanged but the distal leaflet is still unchanged, and there is no fusion pore open. Further, 
the distal leaflets merged to open the fusion pore and accomplish membrane fusion. The 
other model is the pore model (Fig. 7b). This model proposed fusion initiation by a 
line-shape protein pore structure. Once the opposite membranes are in close proximity, the 
transmembrane domains, which span both membranes, will line a protein pore structure to 
perturb the hydrophilic–hydrophobic boundary.  This is a non-bilayer transition state.  The 
protein pore structure needs to be dissociated to achieve fusion. Based on numerous 
experimental evidences of hemifusion (Giraudo et al., 2005; Lu et al., 2005; Reese et al., 
2005; Reese and Mayer, 2005; Xu et al., 2005), the pore model was modified. The new 
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model proposes that it is the protein pore structure thet allows outer leaflet lipids to float and 
mix on the protein to support a hemifusion transit state compatible in this model (Fig. 7b). 
 
1.6 Synaptotagmin 
    In the neuron, neurontransmitter release is a very fast fusion process, tightly regulated 
by Ca2+ influx (Katz and Miledi, 1967). It can happen in sub millisecond level. Just the  
trans-SNARE complex alone is not sufficient to mediate this fast and highly regulated 
fusion. The trans-SNARE complex is the subject regulated by other regulators (such as 
complexin, MUNC18, MUNC13…) to promote fusion. Synaptotagmins, one kind of these 
regulators, was classified as the protein that has a N-terminal TMD, a linker in the center and 
two C-terminal C2 domains (Sudhof and Rizo, 1996). Synaptotagmins are vesicle membrane 
anchored proteins.  There are about 14 identified isoforms of synaptotagmin in mammals 
with a wide tissue distribution (Li et al., 1995). Here we focused on the synaptotagmin I, 
which has the essential function of promoting fast neuron transmitter release upon Ca2+ 
influx (Chapman, 2002). A lot of evidence points to the fact that synaptotagmin is the 
receiver of the Ca2+ signal (DiAntonio et al., 1993; Fernandez-Chacon et al., 2001; Geppert 
et al., 1994; Littleton et al., 1993; Nonet et al., 1993).  SynaptotagminI contains two Ca2+ 
binding domains called C2A and C2B. The C2 domains have a similar structure: a 
β-sandwich folded structure with three loops at one end of the sandwich. The loops 
coordinate to bind Ca2+ with C2A binding three and C2B binding two (Fernandez et al., 
2001; Sutton et al., 1995; Sutton et al., 1999).  (Fig. 8).  The two C2 domains interact with 
synatxin1A and SNAP-25 (individual or binary complex), the ternary SNARE complex and 
phospholipids (Fernandez et al., 1998; Gerona et al., 2000; Kee and Scheller, 1996; Li et al., 
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1995; Littleton et al., 2001). Those interactions may lead to the fusion promotional function 
of synapotagminI. What’s the true reason for synaptotagminI to accelerate fusion by Ca2+ 
binding? Recent results show different aspects .The Ca2+ dependent binary SNARE complex 
and synaptotagminI interaction may be the major effect (Bhalla et al., 2006), or the major 
reason is the Ca2+ stimulated C2 domains and phospholipids binding (Arac et al., 2006), or 
the reason may be both(Rizo et al., 2006). This is still under debate. 
 
1.7 Structural study by EPR 
    Site directed spin labeling (SDSL) and Electron Paramagnetic Resonance (EPR) 
spectroscopy are well established methods (Hubbell et al., 2000; Hubbell et al., 1998) for 
studying protein-protein interaction, protein secondary structure, associated protein 
conformational change and protein dynamics. The largest advantage of these methods is to 
investigate the structure of membrane associated proteins under their native like environment 
(lipid present). The SDSL method uses conventional site direct mutagenesis to convert 
specific residuals (R1), typically into cysteins.  A chemical reactive nitroxide spin label- 
MTSL can be attached to this cysteine. This approach eventually replaces the original R1 
side chain into a nitroxide side chain with a stable unpaired electron (Fig. 9a). In the 
magnetic field, the electron of nitroxide will give the EPR signal. 
    The EPR line shape analysis offers the basic references to investigate protein structure. 
Normally, the EPR line shape broadening is due to slow mobility of the nitroxide side chain 
(Columbus and Hubbell, 2002; McHaourab et al., 1999). This slow motion typically occurs 
because of protein-protein interaction, protein ligand interaction, and protein membrane 
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interaction… (Fig. 9b). In our research, we mainly use EPR line shape broadening to observe 
SNARE complex assembly. 
    There is another EPR method-EPR collisional measurement (Altenbach et al., 1994), 
which is used to determine topology and orientation of the protein membrane associate 
domain. In this method, two reagents, oxygen (Lipid phase preferable) and Ni(II)EDDA 
(aqueous phase preferable), were used (Fig 9c) . These two reagents exhibit opposite 
collision rates with the spin labeled side chain. This collision rate is caused by these two 
reagents’ accessibility to the side chain. The accessibilities of oxygen and Ni(II)EDDA give 
the complimentary information of the membrane immersion depth of this side chain. Their 








ln . Then we can quantify the 
immersion depth of this side chain. After analyzing all the residuals’ immersion depth, we 
can determine the topology of the membrane associate domain. 
 
1.8 Functional study by florescence lipid mixing assay 
    The lipid mixing assay is the method which mimics membrane fusion in vitro by using 
SNARE proteins reconstituted liposomes (McNew et al., 2000a; Weber et al., 1998).  
Purified v-and t-SNAREs were reconstituted on two different populations of liposomes. 
According to the formation of SNARE complexes, the two populations of liposomes were 
fused. V-liposome was labeled with florescence dyes: NBD and Rhodanmin. They are 
quencher pairs. Once fusion happens, the concentration of these two dyes will be diluted on 
the membrane (Fig. 10a).  The average distance of the quencher pair is increased, they are 
dequenching. By observing NBD intensity increase at 535nm, the fusion kinetics is 
monitored. Modified lipid mixing assay—inner lipid mixing (McIntyre and Sleight, 1991; 
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Meers et al., 2000) can separate full fusion and hemifusion (Fig11c). In this method NBD is 
reduced to ABD by sodium dithionate (Fig. 10b). ABD is fluorescence silent. The reduction 
of NBD can be controlled only on the outer leaflet of the membrane. The fusion without 
NBD on the outer leaflet of the v-liposome will show no intensity change for hemifusion and 
will show intensity increasing for full fusion.  
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1.10 Figures and Captions 
   
 
Figure. 1. Vesicle transport pathway1 
(1) Initiation of coat assembly.  
(2) Budding. Cargo proteins aggregate around budding area and membrane curvature           
increases. 
(3) Scission. Vesicle containing the cargo proteins generate from donor membrane. 
(4) Uncoating. Coat protein is dissociates from vesicle and recycles for next run of vesicle 
budding.  
(5) Tethering. Vesicle moves to the target membrane and tethers with it by a GTP bound Rab 
and a tethering factor.  
(6) Docking. The cognate v- and t-SNAREs recognize each other and form SNARE complex 
(7) This “trans-SNARE complex” promotes membrane fusion. Cargo proteins are transferred 
to the target membrane, and SNAREs are recycled. 
                         





















Figure. 2.   Subcellular localization of mammalian SNAREs2 
The mammalian SNAREs localize to distinct subcellular compartments in the secretory 
pathway. (syntaxin family in red; VAMP family in blue; SNAP-25 family in green; others in 
black. CCP, clathrin-coated pits; CCV, clathrin-coated vesicles; DCV, dense core vesicles; 
IC, intermediate compartment; RER, rough endoplasmic reticulum; SER, smooth 
endoplasmic reticulum; SNAP-25, 25 kDa synaptosome-associated protein; TGN, 
trans-Golgi network; V, vesicles; VAMP, vesicle-associated membrane protein). 
 
 








Fig. 3.  Structure of SNAREs3 
a) The general structure of  Yeast SNAREs in yeast secretary pathway and Neuronal 
 SNAREs in neurotransmitter release. 
























Fig. 4. The crystal structure of neuronal SNARE “core” complex4 
 
(a) Ribbon diagram of the synaptic SNARE “core” complex. (Sb-Synaptobrevin in blue, 
Sx-syntaxin in red, Sn- SNAP-25 in green) 
(b) Organization of the SNARE complex shows 15 hydrophobic layers and 1 ionic ‘zero’ 
layer. 




4Sutton, RB., Fasshauer, D., Jahn, R.and Brunger, AT. (1998). Crystal structure of a SNARE complex involved 






Fig. 5. SNARE complex assembly through different conformational states of the 
SNARE proteins5
(a) The N-terminal HABC domain of syntaxin1A (red) folded back to bind with H3 domain, 
this is a closed conformation of syntax 1A , preventing to binding SNAP 25(green) or 
VAMP2 (blue). 
(b) Binary interaction of syntaxin1A and SNAP 25, which can proceeds the formation of the 
tertiary SNARE complex. 
(c,d) The tertiary SNARE complex assembly drives the two opposite membranes into 



























Fig. 6. Two states of SNARE complex: trans- and cis-3
 
(a) Two partially assembled trans-SNARE complexes, docking a vesicle to a target 
membrane. Here, two transmembrane domains which belong to one SNARE complex are 
inserted into distinct membranes (either target membrane or vesicle membrane). Upon fusion, 
transmembrane domains enter into the juxtaposed membranes. Here are two trans-SNARE 
complexes. The exact number of complexes involved in fusion is still unknown. 
(b) After fusion, all transmembrane domains for one SNARE complex stay on the same 












      
 
Figure. 7.  Models for membrane fusion6
(a) The fusion through hemifusion model. This model shows the trans- SNARE complex 
pulling two membranes close, driving hemifusion first and then full fusion. The fusion pore 
lined by lipids. Status a2 and a3 is hemifusion.  
(b) The “pore” model. In this model, protein transmembrane segments line the fusion pore. 
Protein pore structure disassembles when the fusion pore dilates. Lipids can float on the 




6Jackson MB. and Chapman ER.(2006). Fusion pores and fusion machines in Ca2+-triggered exocytosis. Annu 































Fig. 8. Structure of synaptotagmin7 
 
 
(a) Synaptotagmin primary structure. 
(b) Backbone ribbon drawing of C2 domains. The two C2 domains have similar 
β-sandwich structure. C2A binds with three Ca2+ and C2B binds with two Ca2+.  







7Rizo J, Chen X and Arac D. (2006) Unraveling the mechanisms of synaptotagmin and SNARE function in 










Fig. 9. EPR methods 
 
(a) The site-directed spin labeling strategy. 
(b) EPR lineshape indication different protein structure. I) a free spin EPR spectrum. II) 
Free nitroxide side chain EPR spectrum(the free spin attached to protein backbone). 
III) EPR spectrum broadening corresponds to side chain-membrane interaction IV) 










Fig. 10. Lipid Mixing Assay 
 
(a) Total lipid mixing assay 
(b) Reduction of NBD to ABD 
(c) Inner lipid mixing assay, experimentally distinct hemifusion and full fusion. 
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CHAPTER 2: CONSTITUTIVE VERSUS REGULATED SNARE 
ASSEMBLY: A STRUCTURAL BASIS1
Yong Chen2, Yibin Xu2, Fan Zhang and Yeon-Kyun Shin 
 
2.1 Abstract 
    SNARE complex formation is essential for intracellular membrane fusion. 
Vesicle-associated (v-) SNARE intertwines with target membrane (t-) SNARE to form a 
coiled coil that bridges two membranes and facilitates fusion. For the SNARE family 
involved in neuronal communications, complex formation is tightly regulated by the 
v-SNARE−membrane interactions. However, it was found using EPR that complex 
formation is spontaneous for a different SNARE family that is involved in protein trafficking 
in yeast. Further, reconstituted yeast SNAREs promoted membrane fusion, different from the 
inhibited fusion for reconstituted neuronal SNAREs. The EPR structural analysis showed that 
none of the coiled-coil residues of yeast v-SNARE is buried in the hydrophobic layer of the 
membrane, making the entire coiled-coil motif accessible, again different from the deep 
insertion of the membrane-proximal region of neuronal v-SNARE into the bilayer. 
Importantly, yeast membrane fusion is constitutively active, while synaptic membrane fusion 
is regulated, consistent with the present results for two SNARE families. Thus, the 
v-SNARE−membrane interaction may be a major molecular determinant for regulated versus 
constitutive membrane fusion in cells. 
 
1 This paper is published in EMBO J 2004, 23, 681-689. Necessary modifications were made to fit the format of 
this thesis. 
 




    Fusion of cargo vesicles to the target membrane is the prevailing mechanism for the 
delivery of fresh lipids and proteins to organelles, and for the secretion of neurotransmitters 
and hormones. The machinery that brings about intracellular membrane fusion is thought to 
be built around the SNARE proteins that are widely conserved from yeast to humans 
(Brunger, 2001; Jahn and Sudhof, 1999; Lin and Scheller, 2000; Rizo and Sudhof, 2002; 
Rothman, 1994; Sollner et al., 1993a). A crucial step is the formation of the core SNARE 
complex between the vesicle-associated (v-) SNARE and the target plasma membrane (t-) 
SNARE. Conserved coiled-coil motifs from individual SNAREs associate and twist to form a 
stable helical bundle (Antonin et al., 2002; Hanson et al., 1997; Katz et al., 1998; Kweon et 
al., 2003a; Lin and Scheller, 1997; Poirier et al., 1998b; Sutton et al., 1998). 
    The SNARE family involved in neurotransmitter release at synapses and that 
participating in yeast protein trafficking are two best characterized systems (Gerst, 2003; 
Jahn et al., 2003). In the neuron, an integral membrane protein synaptobrevin is v-SNARE, 
and syntaxin 1A and SNAP-25 are two t-SNARE proteins residing in the plasma membrane. 
In yeast, Snc is v-SNARE, while Sso and Sec9 are yeast counterparts of syntaxin and 
SNAP-25, respectively (Aalto et al., 1993; Brennwald et al., 1994; Ferro-Novick and Jahn, 
1994; Protopopov et al., 1993). There are remarkable sequence similarities between these two 
SNARE families, implying conserved functions(Weimbs et al., 1997) . 
    Perhaps the most profound difference between two fusion systems is the way in which 
membrane fusion is regulated (Gerst, 2003; Jahn et al., 2003). Yeast fusion machinery is 
constitutively active to support the steady-state flow of lipids and proteins to cell 
compartments, although regulatory factors such as Sec1, the N-terminal domain of Sso1p, 
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and protein kinase A have been identified (Jahn and Sudhof, 1999; Marash and Gerst, 2001; 
Nicholson et al., 1998). In contrast, membrane fusion in the neuron is tightly regulated and 
primarily triggered by the Ca2+ signal (Chen et al., 1999). Several regulatory proteins such as 
Ca2+-sensing synaptotagmin (Chapman, 2002; Sudhof, 2002), Munc-13 (Augustin et al., 
1999; Rosenmund et al., 2002), and complexin (Chen et al., 2002; Pabst et al., 2002) have 
been found in neuronal cells. At present, the exact roles of individual regulators are not well 
understood beyond the general belief that SNARE assembly is influenced by the regulators. 
    Previously, Rothman and co-workers demonstrated that SNAREs are the minimal fusion 
machinery (Weber et al., 1998). Their results suggest that SNARE complex formation 
directly promotes membrane fusion. However, it has been recently shown that neuronal v- 
and t-SNAREs reconstituted into the separate membranes do not spontaneously engage one 
another to form the complex (Hu et al., 2002; Kweon et al., 2003b). The assistance of other 
proteins such as calcium sensor appears to be necessary for SNARE assembly and membrane 
fusion (Hu et al., 2002)). The structure of membrane-bound synaptobrevin determined with 
EPR provided important insights into the mechanism of this regulation of SNARE complex 
formation (Kweon et al., 2003b). For yeast SNAREs, however, such regulation might not be 
operative because membrane fusion is constitutively active. 
    In this work, we demonstrate that yeast v- and t-SNAREs reconstituted on the separate 
membranes spontaneously associate to form the complex, different from the inhibition 
observed for neuronal SNAREs (Hu et al., 2002; Kweon et al., 2003b). The EPR results 
correlated well with the results of fusion that significant membrane fusion was observed for 
reconstituted yeast SNAREs in the fusion assay, while no fusion was detected for 
reconstituted neuronal SNAREs under biologically relevant conditions. Further, using EPR, 
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we examined the structure and the membrane topology of reconstituted yeast v-SNARE 
Snc2p. It was found that none of the amino acids in the coiled-coil motif is deeply inserted 




  2.3.1 EPR assay of core SNARE complex formation 
    The coiled-coil motif of yeast v-SNARE Snc is largely unstructured and freely moving 
in solution. However, when complexed with t-SNAREs (Couve and Gerst, 1994; Rossi et al., 
1997), the polypeptide becomes -helical (Nicholson et al., 1998), which significantly 
reduces the degree of freedom for the peptide backbone as well as for the amino-acid side 
chains. Site-directed spin labeling (SDSL) and EPR spectroscopy are very effective in 
detecting such secondary structural changes (Hubbell et al., 2000; Hubbell et al., 1998). 
In SDSL, native amino acids are site-specifically replaced one by one with cysteines, to 
which the nitroxide side chain is attached. The EPR line shape is sensitive to the motional 
rates of the nitroxide. The helix formation usually involves a large EPR line-shape change 
from a narrow spectrum reflecting the fast motion of the nitroxide to a broad spectrum 
reflecting the slow motion (Hubbell et al., 2000; Hubbell et al., 1998). Further, with SDSL, 
conformational changes can be monitored at various locations of the polypeptide chain. 
    First, as a control, we examined the core complex formation between soluble SNAREs 
using SDSL and EPR spectroscopy. Soluble parts of individual SNAREs containing 
coiled-coil motifs Sso1pH3 (amino acids 185−265 of Sso1p), Sec9c (amino acids 401−651 of 
Sec9), and Snc2pS (amino acids 1−93 of Snc2p) were subcloned and expressed in 
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Escherichia coli. The purity of all recombinant proteins was examined by the SDS−PAGE 
analysis after purification (Figure. 1A). For EPR measurements, five spin-labeled mutants of 
Snc2pS covering the coiled-coil motif (R32C, I46C, G53C, E60C, and G76C) were prepared 
and labeled with methanethiosulfonate spin label (MTSSL). EPR spectra of spin-labeled 
Snc2pS were all narrow, reflecting the fast motion of the nitroxide, characteristic of a freely 
moving random coil (Figure. 2B). However, as expected, the addition of t-SNAREs Sec9c 
and Sso1pH3 changed the EPR spectra to all broad, reflecting the slow motion of the 
nitroxides, which indicates the transition from an unstructured state to the helical structure 
due to spontaneous core complex formation (Figure. 2C). 
    Next, recombinant SNAREs containing transmembrane domains (TMD) Sso1pHT 
(amino acids 185−290 of Sso1p) and Snc2pF (amino acids 1−115 of Snc2p) were examined 
with EPR. Five cysteine mutants of Snc2pF at the same positions (R32C, I46C, G53C, E60C, 
and G76C) were prepared for spin labeling (Figure. 2A). Again, the purity of SNARE 
proteins was examined with SDS−PAGE (Figure 1A). Spin-labeled mutants were then 
reconstituted into 1-palmitoyl-2-oleoylphosphatidylcholine (POPC) vesicles containing 15 
mol% negatively charged dioleoylphosphatidylserine (DOPS), a lipid composition commonly 
used to mimic the native cellular membrane (McNew et al., 2000a; Parlati et al., 1999; Weber 
et al., 1998). We reconstituted t-SNAREs into separate vesicles of the same lipid composition 
for the mixing experiment. After reconstitution, the integrity of vesicles was verified with 
negative-staining electron microscopy (Figure 1B). Except for G76C, EPR spectra are narrow 
and reflect the fast motion of the nitroxide, indicating that the coiled-coil motif region is 
largely unstructured and freely moving (Figure. 3A). The spectrum for membrane-proximal 
G76C is relatively broad, most likely due to the membrane−peptide interaction because the 
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polypeptide chain is anchored to the membrane via TMD (see below). However, when mixed 
with soluble t-SNAREs or vesicles carrying t-SNAREs, we observed the broad component 
(arrows in Figure. 3C and D) for all mutants, clearly indicating that SNARE complex 
formation has occurred, consistent with the previous reported results (McNew et al., 2000a). 
EPR spectra were collected at 20°C within 30 min after mixing t- and v-SNAREs. There 
were no significant further spectral changes after 30 min. 
    For reconstituted SNAREs, complex formation is less than quantitative. The narrow 
spectral components (asterisks in Figure. 3) represent unstructured Snc2pF that does not 
participate in complex formation. The standard spectral decomposition analysis (see the 
legend of Figure. 3) revealed that the percentages of complex formation for Snc2pF range 
from 33 to 91%, depending on the spin-labeled positions, indicating some but not serious 
perturbations due to spin labeling. 
    Such spontaneous SNARE assembly for the yeast system is quite different from what 
has been observed for neuronal SNAREs for which SNARE complex formation is inhibited 
due to the v-SNARE−membrane interactions (Kweon et al., 2003b). EPR is sufficiently 
sensitive to detect small spectral changes due to complex formation, as little as a few 
percents. No spectral changes were detected for reconstituted neuronal SNAREs within 
experimental uncertainty (Kweon et al., 2003b) (see the Supplementary data), indicating 
negligible SNARE complex formation. 
 
  2.3.2 Membrane-bound structure of Snc2pF 
    To explore the structural basis for spontaneous complex formation for reconstituted 
yeast SNAREs, we investigated the membrane-bound structure of Snc2pF using SDSL EPR. 
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For neuronal SNARE assembly, it was found that the COOH-terminal end of the v-SNARE 
coiled-coil motif plays a key role in inhibiting neuronal SNARE assembly. This region 
inserts deeply into the membrane with high affinity, reducing its accessibility to t-SNAREs, 
which perhaps restricts SNARE assembly kinetically and thermodynamically (Kweon et al., 
2003b). 
    We prepared 20 consecutive spin-labeled mutants of Snc2pF (G76C-L95C) for SDSL 
EPR. After reconstitution into the membrane, the EPR spectra of spin-labeled mutants were 
collected at room temperature (Figure. 4). From G76C through R81C, EPR spectra are 
composed of two components. The narrow component represents the freely moving 
polypeptide chain in the solution phase. The broad component represents the species 
interacting with the membrane surface. However, from K82C through L95, EPR spectra 
display mainly broad lineshapes, typical for the nitroxides interacting fully with the viscous 
bilayer (Rabenstein and Shin, 1995). We do not observe any sign of the spin−spin coupling 
in the EPR spectra, suggesting that synaptobrevin is mostly monomeric. 
    The EPR saturation method to measure accessibilities (Altenbach et al., 1994) was used 
to characterize the secondary structure and membrane topology of yeast v-SNARE Snc2pF at 
the water−membrane interface (Kim et al., 2002; Kweon et al., 2002b). We measured the 
accessibility of the nitroxide to a water-soluble paramagnetic reagent, 
nickel-ethylenediaminediacetic acid (NiEDDA) (WNiEDDA), to estimate the solvent exposure 
of the spin-labeled site. We also determined the accessibility to a nonpolar paramagnetic 
reagent, molecular oxygen (WO2), to probe the immersion into the membrane interior. 
    For reconstituted Snc2pF, an overall decrease in WNiEDDA was observed along the 
sequence, while an overall increase was detected for WO2 (Figure 5A). Importantly, we notice 
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substantial peaks and valleys in the region of 84−91, suggesting the presence of a secondary 
structure. It was previously found that the ratio of WO2 to WNiEDDA is proportional to the 
immersion depth of spin label. The immersion depths were calculated from the standard 
curve (Altenbach et al., 1994; Macosko et al., 1997). 
The immersion depths show a periodic oscillation in the region of residues 84−91. We fit the 
data with a sine function with an additional variable that incorporates the tilt of the helix with 
respect to the membrane. The immersion depth results fit well with an -helical geometry in 
this region (Figure. 5B). In addition, the fitting suggested that this short two-turn helical 
segment has a tilted orientation, at an angle of 40° with respect to the membrane normal 
(Kweon et al., 2003b; Macosko et al., 1997). 
    We note that EPR reported an immersion depth of 11 Å for position 90, for which the 
native residue is lysine. However, it is likely that the location of the lysine side chain is 
shallower. The positive charge on K90 could snorkel out to seek the negative changes on 
phosphate, in contrast to what is expected for a relatively nonpolar nitroxide side chain. 
 
  2.3.3 Comparison of membrane topologies of yeast Snc2pF and neuronal synaptobrevin 
    It appears that yeast Snc2pF and neuronal synaptobrevin share similar overall membrane 
topology: The long unstructured region is connected to the short helical segment that enters 
the membrane with an oblique angle. Presumably, the short helical segment is joined to the 
membrane-spanning -helical TMD via a few disordered residues (Figure 6) (Kweon et al., 
2003b). 
    However, the difference between two structures does exist with the location of the short 
helical segment along the primary sequence. For synaptobrevin, the helical segment is part of 
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the coiled-coil motif, and it is oriented in such a way that the membrane-seeking tryptophan 
(Trp) residues are located near the C-terminal end of the segment. As a result, two Trp 
residues are inserted deep into the acyl chain region of the bilayer (Kweon et al., 2003b; Yau 
et al., 1998). In contrast, for Snc2pF, two Trp residues are located near the beginning of the 
short helical segment. Moreover, the orientation of the helix makes two Trp residues point 
upward and makes deep penetration into the membrane difficult (Figure 6B). Consequently, 
the affinity of the short helical segment to the membrane for Snc2p is likely to be much lower 
than that for neuronal synaptobrevin (Thorgeirsson et al., 1996; Wimley and White, 1996). 
    Further, the crystal structure of the neuronal core SNARE complex suggests that the 
coiled coil terminates at residue 92 for synaptobrevin (Sutton et al., 1998). On the basis of the 
sequence alignment, the corresponding terminal residue for Snc2pF should be position 89 
(Figure. 6C). If this is true, none of the amino acids in the coiled-coil motif appears to be 
inserted into the acyl chain region of the bilayer for Snc2pF (Figure. 5A), suggesting some 
but weak affinity of the interfacial region to the membrane. 
    One might argue that the substitution of the nitroxide side chain might have contributed 
somewhat to the discrepancy between neuronal and yeast v-SNAREs. We compared the 
fluorescence quenching of Trp residues by lipid quenchers in which fluorescence-quenching 
bromines are attached to the acyl chain (Figure. 7) (Abrams et al., 1992; Chattopadhyay and 
London, 1987). It is shown that added lipid quenchers (6,7)- and (11,12)-PC influence the 
Trp fluorescence of Snc2pF much less than it does for synaptobrevin, which suggests that 
Trp residues of synaptobrevin are deeper in the membrane than those of Snc2p, consistent 




  2.3.4 Proteoliposome fusion assays support the structure-based regulatory mechanism 
    SNARE assembly might drive membrane fusion. Since reconstituted yeast SNAREs 
form the complex spontaneously, in contrast to the inhibition of neuronal SNARE assembly, 
we expect spontaneous membrane fusion with yeast SNAREs. To test this, we reconstituted 
Sso1pHT into POPC vesicles containing 15 mol% DOPS. We also reconstituted Snc2pF into 
the separate vesicles of the same lipid composition, but with fluorescent lipids for the 
measurement of lipid mixing. In both cases, the lipid-to-protein ratio was approximately 
300:1. 
    First, as a control, we mixed Sso1pHT-reconstituted vesicles and Snc2pF-reconstituted 
(Kweon et al., 2003b)vesicles without Sec9c. Over a period of 100 min, we did not observe 
any fluorescence change (black line in Figure. 8). However, when we preincubated 
Sso1pHT-reconstituted vesicles with sec9c for 30 min and subsequently mixed this solution 
with Snc2pF-reconstituted vesicles, we observed the slow but steady increase of fluorescence 
signal (red line in Figure. 8), indicating lipid mixing. The fluorescence change detected in the 
period of 6000 s corresponds to one 'round of fusion' on the basis of the calculation given by 
Rothman and coworkers (McNew et al., 2000a). 
In sharp contrast, when neuronal SNAREs were tested under identical conditions, we did not 
observe any fluorescence change (blue line in Figure. 8), indicating that no lipid mixing had 
occurred during the period of nearly 2 h. The results are in accordance with the previous EPR 
data that suggest the inhibition of neuronal SNARE assembly under such conditions. 
However, our current results are quite different from those from the Rothman fusion assay in 
which slow but apparent lipid mixing was observed (Weber et al., 1998). The Rothman 
fusion assay required an unnatural lipid-to-protein ratio of 20:1 for vesicular SNARE 
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synaptobrevin, which is exceedingly higher than the ratio of 150−1000:1 in natural synaptic 
vesicles (Kweon et al., 2003b; Weber et al., 1998). Thus, the results from the lipid-mixing 
fusion assays are fully consistent with the present EPR data, and support the proposed 
mechanism for the regulation of SNARE assembly and membrane fusion by the membrane. 
    The time scale of membrane fusion appears to be much slower than the time scale of 
SNARE assembly assayed by EPR. We, however, note that the protein concentration used in 
the fusion assay is at least 10 times less than that used for the EPR assay, which is 




    Yeast v-SNARE Snc2p shares 50% sequence identity with the neuronal counterpart 
synaptobrevin (Figure. 6C). Further, the EPR results suggest that the structure and the 
membrane topology of Snc2p are generally similar to those of synaptobrevin. Yet, there are 
significant differences between the two in the detailed arrangement of amino acids in the 
topological structure. For neuronal synaptobrevin, the COOH-terminal region of the 
coiled-coil motif is deeply inserted into the membrane, restricting the accessibility of the 
region for SNARE assembly. Particularly, two Trp residues, which are anchored in the acyl 
chain region of the bilayer, help stabilize the short helical segment in the membrane. This 
membrane-embedded segment controls the fate of the entire coiled-coil motif for complex 
formation (Kweon et al., 2003b). In contrast, the interfacial residues of Snc2p are bound 
shallow in the polar surface of membrane and none of the coiled-coil residues is anchored 
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into the acyl chain region of the bilayer. This is likely to make the whole coiled-coil motif 
accessible to t-SNAREs for complex formation. 
    There are several factors that might have contributed to the topological differences 
between the two systems. First, the putative TMD of synaptobrevin is three residues shorter 
than that of Snc2p (Figure. 6C). Therefore, the interfacial region of synaptobrevin could be 
pulled more towards the membrane than it is for Snc2p. Second, for Snc2p, position 88 is 
negatively charged aspartic acid, whereas the corresponding residue in synaptobrevin is 
asparagine. In an attempt to understand the effect of the aspartic acid to asparagine mutation, 
we made the D88N mutant of Snc2p. However, this mutation alone did not alter the ability of 
Snc2p to interact with t-SNAREs spontaneously. Therefore, it appears that multiple factors 
contribute cooperatively to the better stability of synaptobrevin in the membrane than Snc2p. 
    In conclusion, using EPR assay, we have demonstrated that yeast SNARE assembly is 
spontaneous (Figure. 3), leading to spontaneous membrane fusion (red line in Figure. 8). In 
contrast, neuronal SNARE assembly is tightly regulated (Kweon et al., 2003b), resulting in 
the inhibition of membrane fusion (blue line in Figure. 8). Interestingly though, the EPR 
results suggested that yeast Snc2p shares the same global membrane topology with neuronal 
synaptobrevin. However, unlike the case with synaptobrevin, the coiled-coil motif of Snc2p 
floats in or above the polar region of the bilayer, so that it may readily engage with 
t-SNAREs to form the SNARE complex. The yeast-trafficking fusion machinery is 
constitutively active and need not be regulated, in sharp contrast to the tightly regulated 
neuronal exocytosis. Further, the key neuronal regulatory proteins such as synaptotagmin are 
not found in yeast systems. Therefore, although speculative, the EPR data might suggest that 
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the v-SNARE−membrane interaction plays a central role in determining whether particular 
membrane fusion machinery should be regulated or constitutive. 
 
2.5 Materials and Methods 
  2.5.1 Plasmid constructs and site-directed mutagenesis 
    Genes for yeast SNAREs were obtained from Dr James McNew at Rice University. 
DNA sequences encoding Sso1pH3 (amino acids 185−265), Sso1pHT (amino acids 
185−290), Snc2pS (amino acids 1−93), and Snc2pF (amino acids 1−115) are inserted into the 
pGEX-KG vector between EcoRI and HindIII sites as N-terminal glutathione S-transferase 
(GST) fusion proteins. Sec9c (amino acids 401−651) is inserted into pET-24b(+) between 
NdeI and XhoI sites as a C-terminal His6-tagged protein. In order to introduce a unique 
cysteine residue for the specific nitroxide attachment, native cysteine 266 of Sso1pHT and 
native cysteine 94 of Snc2pF were mutated to alanines. QuickChange site-directed 
mutagenesis (Stratagene) was used to generate all mutants and DNA sequences were 
confirmed by the Iowa State University DNA Sequencing Facility. 
 
  2.5.2 Protein expression, purification, and spin labeling 
    Recombinant GST fusion proteins were expressed in E. coli Rosetta (DE3) pLysS 
(Novagene). The cells were grown at 37°C in LB medium with glucose (2 g/l), ampicillin 
(100 g/ml), and chloramphenicol (25 ug/ml) until the A600 reached 0.6−0.8. Isopropyl-
-D-thiogalactopyranoside (IPTG) was added to a final concentration of 1 mM. The cells were 
grown further for four more hours at 22°C. The cell pellets were collected by centrifugation 
at 6000 r.p.m. for 10 min. 
  
 43 
    GST fusion proteins were purified by affinity chromatography using glutathione-agarose 
beads (Sigma). The frozen cell pellet was resuspended in resuspension buffer 
(phosphate-buffered saline, pH 7.4, with 0.5% Triton X-100 (v/v), PBST) with 2 mM 
4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF) and 5 mM dithiothreitol (DTT). The 
cells were broken by sonication on an ice bath. For Snc2pF and Sso1pHT, 1% of n-lauroyl 
sarcosine was added to the solution before sonication. The cell lysate was centrifuged at 15 
000 g for 20 min at 4°C. The supernatant was mixed with glutathione-agarose beads in the 
resuspension buffer and nutated at 4°C for 40 min. The protein-bound beads were washed 
with an excess volume of washing buffer (phosphate-buffered saline, pH 7.4). For Sso1pHT 
and Snc2pF, 0.2% (v/v) Triton X-100 was added, while no detergent was added for Sso1pH3 
and Snc2pS when washing. The beads were then washed with thrombin cleavage buffer (50 
mM Tris−HCl, 150 mM NaCl, 2.5 mM CaCl2, pH 8.0), either with 0.2% Triton X-100 for 
Sso1pHT and Snc2pF, or without detergent for Sso1pH3 and Snc2pS. Finally, the proteins 
were cleaved from the resin by thrombin (Sigma) at room temperature for 40 min. AEBSF 
was added to the protein after cleaving from the resin (2 mM final concentration). The 
protein was stored at -80°C with 10% glycerol. 
    Cysteine mutants of Snc2pF were spin-labeled before thrombin cleavage. After the cell 
lysate was incubated with beads and washed with PBS buffer with 0.2% Triton X-100, DTT 
was added to a final concentration of 5 mM at 4°C for 40 min. The beads were then washed 
eight times with an excess volume of PBS buffer with 0.2% Triton X-100 to remove DTT. 
An approximately 20-fold excess of 
(1-oxyl-2,2,5,5-tetramethylpyrrolinyl-3-methyl)methanethiosulfonate spin label (MTSSL) 
was added to the protein, and the reaction mixture was left overnight at 4°C. Free MTSSL 
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was removed by washing with excess PBS buffer with 0.2% Triton X-100. The proteins were 
cleaved by thrombin in cleavage buffer with 0.2% Triton X-100. 
    The His6-tagged protein Sec9c was expressed in E. coli Rosetta (DE3) pLysS. The cells 
were grown at 37°C in LB medium with glucose (2 g/l), kanamycin (30 g/ml), and 
chloramphenicol (25 g/ml) until the A600 reached 0.6−0.8. After the addition of IPTG (1 
mM), the cells were grown further for four more hours at 30°C. The cell pellets were 
collected by centrifugation at 6000 r.p.m. for 10 min. 
    For purification, the frozen cell pellet was resuspended in lysis buffer (PBS buffer with 
20 mM imidazole, 0.5% Triton X-100, 2 mM AEBSF, pH 8.0). After sonication on ice, the 
cell lysate was centrifuged at 15 000 g for 15 min at 4°C. The supernatant was mixed with 
nickel-nitrilotriacetic acid-agarose beads (Qiagen) in lysis buffer. The mixture was nutated 
for binding at 4°C for 40 min. After binding, the beads were washed with washing buffer 
(PBS buffer with 50 mM imidazole, pH 8.0). Then the protein was eluted by elution buffer 
(PBS buffer with 250 mM imidazole, pH 8.0). The protein can be kept at -80°C with 10% 
glycerol. All purified proteins were examined with 15% SDS−PAGE. 
 
  2.5.3 Membrane reconstitution and electron microscopy 
    Large unilamellar vesicles ( 100 nm in diameter) of POPC containing 15 mol% of 
DOPS were prepared in cleavage buffer containing no detergent using an extruder. The total 
lipid concentration was 100 mM. Proteins were mixed with vesicles at an 1:300 
protein-to-lipid molar ratio. The detergent was removed by treating the sample with 
Bio-beads SM2 (Bio-rad). Bio-beads was first washed extensively with deionized water. 
After washing, water was decanted from Bio-beads as much as possible using a pipette after 
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centrifugation. Bio-beads was then directly added to the sample in the ratio of 200 mg per 1 
ml of the mixed solution. After 45 min of nutation, Bio-beads were removed from the sample 
by taking out the solution using a pipette after centrifugation at 5000 g. The same procedure 
was repeated three times. We found that this new Bio-beads method improved the yield of 
protein incorporation into vesicles. 
    The reconstituted vesicles were concentrated using 100 kDa molecular weight 
centrifugal filters (Millipore) before taking the EPR spectra. Protein-reconstituted vesicles 
were characterized with negative-staining electron microscopy. The sample was stained with 
1% phosphotungstic acid (pH 6.7) after the protein sample was spread on the 200-mesh 
formvar and carbon-coated grids. The micrograph (Figure 1B) was taken on a JEOL 1200 EX 
electron microscope. Most vesicles were 100 nm in diameter. 
    All EPR measurements were performed with samples prepared with the Bio-beads 
method. The EPR binding assay experiments were repeated using samples prepared with the 
dialysis method for proper comparison with the result from neuronal synaptobrevin. The 
results from the two methods were identical within experimental uncertainty. Conversely, 
neuronal SNAREs were reconstituted into vesicles using the Bio-beads method. We observed 
the complete inhibition of SNARE assembly, identical to our previous results obtained with 
the samples prepared with the dialysis method (the data are provided as Supplementary data). 
 
  2.5.4 EPR data collection and accessibility measurements 
    EPR spectra were obtained using a Bruker ESP 300 spectrometer equipped with a 
loop-gap resonator. The accessibility measurements were performed following the procedure 




  2.5.5 Fluorescence-quenching experiment 
    The wild-type sequence of Snc2pF was reconstituted into POPC vesicles containing 15 
mol% DOPS, using the dialysis method that was used for the reconstitution of synaptobrevin 
in our previous work. The concentration of Snc2pF was 5 M and total lipid concentration 
was 2.5 mM. The detailed procedure of the fluorescence experiment is described elsewhere 
(Kweon et al., 2003b). The data were collected at 20°C. 
 
  2.5.6 Fusion assays 
    For lipid-mixing assay, two different vesicle solutions that represent the initial 
conditions were separately prepared. Chloroform solutions of POPC and DOPS were mixed 
in a test tube (85:15 mol/mol). Also, 2 mol% each of N-(lissamine Rhodamine B 
sulfonyl)phosphatidylethanolamine (N-Rh-PE) and 
N-(7-nitro-2,1,3-benzoxadiazol-4-yl)phosphatidylethanolamine (N-NBD-PE) were included 
to a portion of the mixture. After drying the solution with a blow of nitrogen, the test tubes 
are put in vacuum for several hours for further drying. Snc2pF (or synaptobrevin) was 
reconstituted into the fraction containing fluorescence labels, while Sso1pHT (or syntaxin) 
was reconstituted into the unlabeled fraction. The detergent in the samples was removed by 
the Bio-beads method. The samples were then dialyzed overnight, following the procedure 
described elsewhere (Kweon et al., 2003b), to remove any trace amount of detergent that 
might interfere with the fluorescence measurements. After dialysis, the solution was 
centrifuged at 10 000 g to get rid of protein and lipid aggregates. The lipid-to-protein ratio 
was aimed at approximately 300:1. Prior to the fusion assay, Sso1pHT-reconstituted vesicles 
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were mixed with Sec9c in a molar ratio of 1:1, and the mixture was incubated at 37°C for 30 
min to help the formation of the binary t-SNARE complex. To monitor the lipid mixing, 
Snc2pF-reconstituted vesicles were mixed with the t-SNARE-reconstituted vesicles in a ratio 
of 1:9. The final solution contains approximately 1 mM lipids. Fluorescence was measured at 
excitation and emission wavelengths of 465 and 530 nm, respectively. Fluorescence changes 
were recorded with a Varian Cary Eclipse model fluorescence spectrophotometer using a 
quartz cell of 400 l with the 2 mm path length. We used the same conditions in an attempt 
to monitor the lipid mixing induced by neuronal SNAREs. We used recombinant Syntaxin 
1A without the Habc domain (SynHT, amino acids 199−288), SNAP-25 (amino acids 
1−206), and full-length synaptobrevin (amino acids 1−116) for the fusion assay. Expression, 
purification, and reconstitution of these neuronal SNAREs are described elsewhere (Kweon 
et al., 2003b). 
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Figure. 1. Characterization of SNARE samples 
 
(A) SDS−PAGE analysis of recombinant SNARE proteins used in this study. 








Figure. 2. SDSL EPR detects SNARE complex formation at various positions 
(A) Spin-labeled positions are indicated on the primary structural diagram. Amino-acid 
sequence from positions 76−95 is shown.  
(B) Room temperature EPR spectra for spin-labeled Snc2pS at various positions.  
(C) Spectra for Snc2pS after mixing with the four-fold molar excess of Sec9c and Sso1pH3. 






Figure. 3. EPR assay of SNARE complex formation 
 
(A) EPR spectra for reconstituted (R-) Snc2pF mutants.  
(B) EPR spectra for detergent solubilized Snc2pF mutants after mixing with Sso1pHT and 
Sec9c. EPR spectra are composed of two components: the sharp one ( ) representing 
uncomplexed Snc2pF and the broad one (arrows) representing the SNARE complex. For 
each spin-labeled mutant, the composite spectrum is basically the sum of the spectrum in (A) 
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and the spectrum similar to those in Figure 2C, in an appropriate ratio. The standard spectral 
decomposition analysis (Thorgeirsson et al, 1996) provides the fraction of Snc2pF in the 
complex (fcomplex) and that in an unstructured form (ffree). For each mutant, the percentage of 
complex formation was calculated from the equation [fcomplex/(fcomplex+ffree) 100]: R32C, 
68%; I46C, 60%; G53C, 84%; E60C, 82%; and G76C, 40%. (C) EPR spectra for R-Snc2pF 
mixed with Sso1pH3 and Sec9c (soluble t-SNAREs) in the absence of the detergent. The 
percentages of complex formation for individual mutants are: R32C, 60%; I46C, 62%; G53C, 
91%; E60C, 76%; and G76C, 50%.  
(D) EPR spectra taken after mixing R-Snc2pF with R-Sso1pHT and Sec9c. The percentages 
of complex formation for individual mutants are: R32C, 38%; I46C, 33%; G53C, 82%; 
E60C, 85%; and G76C, 49%. In all cases, the four-fold molar excess of t-SNAREs was 















Figure. 4. Room temperature EPR spectra for the interfacial region of reconstituted 
(R-) Snc2pF 
We note that the EPR spectrum for G76C here is slightly different from that in Figure 3A: the 
sharp component is a little less in the latter. The spectral decomposition analysis of the 
spectrum of G76C in Figure 4 indicated that there was an approximately 5% contamination 
of freely diffusing free spin species in the sample, which should not alter the accessibility 





Figure. 5. EPR accessibility measurements 
(A) Accessibility parameters WO2 (closed circles) and WNiEDDA (open circles) are plotted 
against the amino-acid sequence.  
(B) Membrane immersion depths versus the amino-acid sequence of Snc2pF. The head group 
region of the lipid vesicles is shown shaded. The solid line represents the fit on the basis of a 
tilted -helical model (see text). Typical accessibility parameter values for the fully exposed 
residues are approximately 30 and 4 mW for NiEDDA and O2, respectively, and typical 








Figure. 6. Comparison of membrane topologies of the interfacial regions between 
neuronal and yeast v-SNAREs 
 
(A) Membrane immersion depths of Snc2pF (closed circles) and those of synaptobrevin 
(open circles). The shaded region is the head group of the lipid bilayer.  
(B) Topological models for Snc2p and synaptobrevin. Amino-acid side chains for two 
interfacial tryptophans are shown highlighted.  







Figure. 7. Comparison of fluorescence quenching by lipid quenchers for the two Trp 
residues between Snc2pF and synaptobrevin 
 
The logarithm of the ratio ln(F/F0), where F0 is the fluorescence intensity in the absence and 
F is that in the presence of the lipid quencher, is plotted against the mole fraction of 
6,7-Br2-PC for synaptobrevin (open triangles) and Snc2pF (closed triangles), and the mole 






Figure. 8. Lipid-mixing fusion assays monitored by fluorescence 
The donor/acceptor pairs N-Rh-PE/N-NBD-PE were incorporated into the vesicles 
containing v-SNARE. Fusion between v-SNARE-reconstituted vesicles and 
t-SNARE-reconstituted vesicles leads to the dilution of dyes and, consequently, an increase 
in the average distance between the donor and the acceptor, which results in an increase in 
donor fluorescence. The red line is the time trace of the fluorescence change after mixing 
reconstituted yeast v- and t-SNAREs. The black line is the control run after mixing only 
reconstituted Sso1pHT and reconstituted Snc2pF without adding Sec9c. The blue line is the 
time trace for neuronal SNAREs, indicating virtually no lipid mixing. The fusion reaction 
was terminated by introducing 1% (v/v) Triton X-100, which results in the sudden jump in 
the fluorescence intensity. 
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EPR assay of neuronal SNARE complex formation 
 
Recombinant Syntaxin 1A without the Habc domain (SynHT, amino acids 199-288), 
SNAP-25 (amino acid 1-206), and full-length synaptobrevin (amino acids 1-116) were used in 
this study. Spin labeled synaptobrevin mutants were reconstituted into POPC vesicles 
containing 15 mole% DOPS. SynHT was reconstituted into a separate vesicle fraction of the 
same lipid composition. In both cases, the lipid-to-protein ratio was 300:1. Reconstituted 
synaptobrevin was mixed with the four-fold excess of a 1:1 mixture of reconstituted SynHT 
and SNAP-25.  
(A) EPR spectra before mixing with t-SNAREs.  
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(B) EPR spectra after mixing with t-SNAREs.  
For each mutant, the EPR spectra before and after the mixing were virtually identical, 
indicating that no apparent SNARE assembly has occurred. The spectrum did not change over 




















CHAPTER 3: HEMIFUSION IN SNARE-MEDIATED MEMBRANE 
FUSION1 
Yibin Xu2, Fan Zhang2, Zengliu Su, James A McNew and Yeon-Kyun Shin 
 
3.1 Abstract 
SNAREs are essential for intracellular membrane fusion. Using EPR, we determined the 
structure of the transmembrane domain (TMD) of the vesicle (v)-SNARE Snc2p involved in 
trafficking in yeast. Structural features of the TMD were used to design a v-SNARE mutant 
in which about half of the TMD was deleted. Liposomes containing this mutant induced outer 
leaflet mixing but not inner leaflet mixing when incubated with liposomes containing target 
membrane (t)-SNAREs. Hemifusion was also detected with wild-type SNAREs when low 
protein concentrations were reconstituted. Thus, these results show that SNARE-mediated 
fusion can transit through a hemifusion intermediate. 
 
3.2 Introduction 
A wide variety of important life processes, including viral entry, fertilization and 
intracellular transport, depend on membrane fusion mediated by specialized proteins(White, 
1992). Progress in determining three-dimensional structures of several such proteins 
improved the understanding of how the proteins might bring about the apposition of two 
membranes(Chan and Kim, 1998; Jahn et al., 2003; Skehel and Wiley, 1998) . However, the 
specific transitions that lipids experience as two membranes  
1 This paper is published in Nat Struc Biol. 2005, 12(5), 417-422. Necessary modifications were made to fit the 
format of this thesis. 
 
2 Contributed equally to this paper. 
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become merged into a single bilayer is still unclear(Earp et al., 2005). 
It is generally believed that viral-cell membrane fusion for class I viruses proceeds through 
an intermediate called hemifusion(Chernomordik and Kozlov, 2003)before the formation of a 
fusion pore. During hemifusion, two membranes are merged at the level of the outer 
phospholipid monolayer, while the inner monolayers retain their original integrity. 
Hemifusion has been identified for membrane fusion induced by modified class I viral fusion 
proteins including mutant influenza hemagglutinin(Armstrong et al., 2000; Kemble et al., 
1994; Melikyan et al., 2000), and it has been directly observed with model membranes(Yang 
and Huang, 2002).  
   In eukaryotic cells, all membrane fusion in the secretory pathway is mediated by SNARE 
proteins(Chen et al., 1999; Rothman, 1994; Yang and Huang, 2002)), and the specific pairing 
of SNAREs between membranes is sufficient to drive membrane fusion in a minimal 
system(McNew et al., 2000a; Weber et al., 1998). Although class I viral fusion proteins and 
SNAREs share structural similarity(Chan and Kim, 1998), some have suggested that 
intracellular membrane fusion might work differently. One proposed alternative is that 
formation of SNARE complex connects two preformed, complementary proteinaceous pores. 
In one case, the p ore is predicted to be made of the TMDs of individual SNAREs(Han et al., 
2004), contrary to earlier hypothetical models proposing a hemifusion-like 
intermediate(Chernomordik et al., 1993; Grote et al., 2000), whereas other models invoke 
different pore-forming proteins(Peters et al., 2001). The pore model predicts a protein-lined 
channel rather than lipidic intermediates (Chernomordik and Kozlov, 2003) and therefore 
does not require hemifusion as a fusion intermediate because the pore is already established 
at the onset of membrane fusion. Contrary to this view, it has been shown that full fusion can 
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still be achieved when the SNARE TMDs are replaced with a long lipid anchor(McNew et 
al., 2000b). 
    Undoubtedly, TMDs of SNAREs are central components of the fusion machinery. To 
investigate the roles of SNARE TMDs in membrane fusion, we determined the structure of 
the TMD of the v-SNARE Snc2p involved in post-Golgi trafficking in yeast, using 
site-directed spin-labeling EPR(Hubbell et al., 1998). The predicted structure was used to 
design a deletion mutant of Snc2p that arrests the fusion process at hemifusion. Furthermore, 
careful analysis of fusion driven by wild-type SNAREs revealed a hemifusion intermediate at 
dilute protein concentrations. These results are in apparent disagreement with the protein 
pore−based models(Han et al., 2004; Peters et al., 2001), but are consistent with a 




  3.3.1 Site-directed spin-labeling EPR on v-SNARE Snc2p 
To investigate the transmembrane structure of yeast v-SNARE Snc2p, native residues were 
replaced one by one with cysteines derivatized with methanethiosulfonate spin label 
(MTSSL). The spin-labeling efficiency was >80% for all the mutants. Each spin-labeled 




(NBD-PE) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B 
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sulfonyl) (rhodamine-PE) in the molar ratio of 72:25:1.5:1.5. The functionality of the 
spin-labeled Snc2p mutants was determined by in vitro fusion experiments with vesicles 
containing the t-SNARE complex Sso1pHT−Sec9c to monitor total lipid mixing (McNew et 
al., 2000a; Weber et al., 1998). All mutants showed at least 60% of the fusion activity of 
wild-type Snc2p (Fig. 1a). 
Fourteen out of twenty mutants showed relatively narrow EPR spectra (Fig. 1b), typical of 
fully lipid-exposed nitroxides (Rabenstein and Shin, 1995). However, six mutants (V98C, 
I100C, L103C, I107C, P109C and V111C) exhibited noticeably broader spectral components 
(arrows in Fig. 1b), indicative of partial tertiary contacts(McHaourab et al., 1999), most 
likely with neighboring TMDs. The presence of two spectral components suggests that there 
is equilibrium between the monomer and the oligomers. In the helical wheel diagram (Fig. 
1c), positions 100, 103, 107 and 111 are located on one side of the helix, suggesting that this 
may be an interacting face of the helix. We also observed an immobilized spectrum for 
positions 98 and 109, indicating some further interactions on the other side of the helix. 
 
  3.3.2 Transmembrane structure of v-SNARE Snc2p 
    The EPR saturation method(Altenbach et al., 1994) was used to measure accessibility 
and characterize the structure of Snc2p in the membrane. We measured the accessibility of 
the nitroxide to a water-soluble paramagnetic reagent, nickel-ethylenediaminediacetic acid 
(NiEDDA) (W ) (NiEDDA Fig. 2a), to estimate the extent of seclusion of the spin-labeled site 
from the aqueous phase. We also determined the accessibility to a nonpolar paramagnetic 




   The W  values are low whereas the W  values are high, characteristic of nitroxides 
exposed to the lipid phase. The ratio of W  to W  is quantitatively proportional to the 
immersion depth of spin label, and immersion depths were calculated from this ratio 




Because the depth-to-ratio relationship holds only for fully lipid-exposed nitroxides 
(Altenbach et al., 1994), we excluded mutants V98C, I100C, L103C, I107C and V111C in 
this analysis. Additionally, we included the results for residues Gln83−Leu95 from the 
previously published work (Chen et al., 2004) to cover the full TMD. 
    These results suggest that residues Gln83−Leu102 reside in the outer monolayer of the 
liposome membrane, whereas residues Leu103−Ser115 are embedded in the inner 
monolayer. As expected, we observed a break in the depth profile at Pros109. This analysis 
also revealed that the main helical segment (residues Met93−Val108) is tilted 24° with 
respect to the membrane normal (Fig. 2c). 
 
  3.3.3 Hemifusion in SNARE-mediated membrane fusion 
    The EPR-based structural model of the Snc2p TMD guided us to design experiments to 
explore the roles of the TMD in membrane fusion. Previous work with lipid-anchored 
SNAREs suggests that the immersion depth of the hydrophobic anchor is an important 
determinant of membrane fusion (Kemble et al., 1994; McNew et al., 2000b), which is in 
accord with work using a transmembrane deletion mutant of HA (Kemble et al., 1994). 
    To test this idea, we prepared the mutant Snc2p 1/2, which is truncated at residue 102 
and does not contain amino acids 103−115. Since residue 102 is located in the middle of the 
bilayer (Fig. 2b) this mutant is predicted to span only the outer leaflet. The Snc2p 1/2 mutant 
  
 70 
was reconstituted into vesicles containing fluorescence dyes for the lipid mixing assay. 
Separate vesicles containing the t-SNARE heavy chain Sso1pHT were also prepared. When 
the two vesicle populations were mixed in the presence of soluble Sec9c, an increase in NBD 
fluorescence was observed indicating that lipid mixing had occurred (Fig. 3a, blue trace). 
Interestingly, the extent of the lipid mixing was about 35% of that observed for wild-type 
SNAREs (Fig. 3a, black trace). To show that lipid mixing was dependent on SNARE 
proteins, we omitted the t-SNARE light chain Sec9c since it is known that Sec9 is required 
for functional SNARE assembly (Rossi et al., 1997). When we mixed Snc2p-containing 
vesicles with Sso1pHT-containing vesicles in the absence of Sec9c, minimal lipid mixing 
was observed (Fig. 3a, red trace). 
Given that similar amounts of the Snc2p 1/2 mutant protein are reconstituted compared with 
wild type (Fig. 3a, inset), one possibility to explain the >50% reduction in lipid mixing with 
Snc2p 1/2 is hemifusion rather than full fusion. A hallmark of hemifusion is that the outer 
monolayer of the membrane ( 50% of total membrane) merges while the inner monolayer 
remains intact and does not mix (Chernomordik and Kozlov, 2003). 
    To directly measure inner leaflet mixing, we treated the Snc2p- reconstituted vesicles 
with sodium dithionite (Meers et al., 2000). Under controlled conditions, sodium dithionite 
reduces the NBD attached to a lipid head group in the outer leaflet to a nonfluorescent 
derivative while leaving NBD in the inner leaflet largely unaffected (Fig. 3b). Lipid mixing, 
specific to the inner leaflet, can be measured with dithionite-treated donor vesicles. When we 
mixed dithionite treated wild type Snc2p vesicles with Sso1pHT vesicles in the presence of 
Sec9c, inner leaflet mixing was seen (Fig. 3c, black trace). In contrast, no lipid mixing was 
observed when we incubated dithionite-treated Snc2p 1/2 vesicles with vesicles from 
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t-SNARE complex (Fig. 3c, blue trace), strongly suggesting that the inner leaflets of two 
membranes did not merge. Taken together, the results for Snc2p 1/2 are consistent with 
hemifusion. 
    Notably, both Snc1p and Snc2p have a proline residue at the same location within the 
TMD. This proline is not conserved in other members of the v-SNARE family and is located 
in the inner layer of the membrane. To investigate the functional importance of amino acids 
following Pro109, we made a Snc2p mutant lacking amino acids 109−115. When examined 
with the total lipid mixing assay, the deletion mutant had fusion activity very similar to that 
of wild type, which was 30% of the maximum fluorescence intensity (MFI) obtained by 
adding 0.25% n-dodecylmaltoside (Fig. 3d, black trace). Furthermore, inner leaflet mixing 
produced a fluorescence signal 40% of the total lipid mixing (Fig. 3d, blue trace), strongly 
indicating that the region below Pro109 is not necessary for full fusion. 
 
  3.3.4 Hemifusion for wild-type SNAREs
Our results show that a deletion mutant of the v-SNARE Snc2p mediates hemifusion 
similarly to influenza HA deletion mutants (Kemble et al., 1994). Membrane fusion with 
influenza HA can be also trapped at hemifusion when the concentration of HA on the 
membrane surface is sufficiently low (Chernomordik et al., 1998; Mittal et al., 2003). If 
hemifusion is an intermediate in the fusion pathway for SNARE proteins, then we might be 
able to observe hemifusion with wild-type SNAREs when the surface concentration of 
SNAREs is also low. 
    To test this hypothesis, we carried out the total lipid mixing assay and the inner leaflet 
lipid mixing assay at 200:1, 400:1 and 700:1 molar lipid/protein ratios (Fig. 4). For these 
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experiments, we reconstituted SNAREs into vesicles that also contain 
phosphatidylethanolamine (PE), a lipid that is proposed to stabilize hemifusion owing to its 
preference for the negative membrane curvature (Chernomordik and Kozlov, 2003). At our 
normal 200:1 ratio, both assays showed the same mixing efficiency, indicating that all fusion 
events were at full fusion (Fig. 4c). However, at the lower protein levels, the mixing 
efficiency of the total lipid mixing assay was higher than that of the inner leaflet mixing 
assay, indicating that some fusion was limited to hemifusion, similar to the case with flu HA. 
At a 400:1 protein/lipid molar ratio, 35% of the total lipid mixing signal was derived from 
hemifusion (the ratio of total lipid mixing versus inner leaflet mixing), whereas, at 700:1, 
75% of the total lipid mixing signal was derived from hemifusion. These results suggest that 
hemifusion could be an intermediate for SNARE-induced membrane fusion (Fig. 4c). In 
control experiments, when we mixed Snc2p-containing vesicles with Sso1pHT-containing 
vesicles without Sec9c, minimal lipid mixing was observed for all three lipid/protein ratios 
(red traces in Fig. 4a,b). Another control in the absence of all three SNARE proteins showed 
a nearly identical background to the control without Sec9c (Supplementary Fig. 1 ). 
However, we could not trap hemifusion when we used the usual POPC/DOPS (75/25) 




The observation of hemifusion for SNARE-mediated membrane fusion seems inconsistent 
with a mechanistic model based on a gap junction−like protein pore(Han et al., 2004). 
Although our results support a role for the TMD of the SNARE proteins in membrane fusion, 
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this role is unlikely to be exclusively as a protein pore. If the protein pore model were valid, 
the protein-lined pore would have to be resealed to create hemifusion before advancing to a 
larger pore, which is quite unlikely although not impossible. Furthermore, the fact that full 
fusion can be achieved without a proteinaceous transmembrane domain in vitro (McNew et 
al., 2000b) and in vivo (Chernomordik et al., 1993) directly contradicts a protein pore model. 
    The experimental evidence for the protein pore is the electrophysiological observation 
of the conductance for the t-SNARE-containing membrane(Han et al., 2004). In this model, it 
is postulated that v-SNARE might form a similar pore in the membrane. For yeast v-SNARE 
Snc2p, we observed immobilized spectra or some tertiary interactions at six different 
positions, indicating that the TMD has a tendency to form oligomers. However, for all 
positions, W  values are low, whereas W  values are quite high, strongly suggesting 
that they are partially or fully exposed to the lipid phase. Therefore, it is unlikely that the 
Snc2p TMD forms an aqueous pore in the membrane, although we cannot rule out the 
possibility that a small fraction of Snc2p molecules form protein pores. Furthermore, the 
addition of nitroxide spin labels throughout the TMD only modestly affected the fusion 
activities of spin-labeled mutants (
NiEDDA O2
Fig. 1a). These data indicate either that a TMD-lined pore 
does not exist, or that bulky nitroxide spin labels do not affect its function. 
    In SNARE-induced membrane fusion, coiled-coil formation has been postulated to be a 
key step that generates the necessary force to overcome the fusion energy barriers (Poirier et 
al., 1998b; Sutton et al., 1998). The core complex has been shown to be structurally coupled 
to the membranes (Kweon et al., 2002b; Kweon et al., 2003a). The structural coupling 
between the coiled coil and the TMDs would facilitate force transfer to the TMDs, which 
would then promote the merger of the outer leaflets (hemifusion) and, subsequently, the 
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merger of the inner leaflets (full fusion). For the Snc2p 1/2 mutant, which can only span the 
outer leaflet, energy would not be effectively transferred to the inner leaflet, leading to 
hemifusion but not full fusion. 
    A previous study examined the fusion activities of several flu HA mutants for which the 
TMD was systematically deleted (Kemble et al., 1994), and also observed hemifusion for HA 
mutants that had the short membrane domain. For mutants with a longer membrane domain, 
however, full fusion was detected. Those results agree well with our results with SNAREs, 
supporting the idea that hemifusion might be a common intermediate along the fusion 
pathways. 
    For flu HA, another previous study proposed the "boomerang mechanism"(Tamm et al., 
2003), in which the fusion peptide−TMD interaction is a key component. In this model, it is 
hypothesized that a fusion peptide−TMD interaction provides the driving force for the 
deformation of the membrane required for the advancement from hemifusion to the fusion 
pore. It is unclear, however, whether such a mechanism is operative for SNARE-induced 
membrane fusion. It is possible that the TMD of the v-SNARE interacts with the TMD of the 
t-SNARE, which might facilitate the completion of fusion in a similar fashion. A v-SNARE 
mutant with a sufficiently short TMD would certainly lose its ability to fully interact with the 
TMD of the t-SNARE. It is also conceivable that the short membrane domain of Snc2p 1/2 
acts like a fusion peptide. The short hydrophobic membrane domain of Snc2p 1/2 may be 
mobile in the plane of the membrane; this could disturb the surface structure of the 
membrane sufficiently enough to induce hemifusion. 
    In summary, we have identified hemifusion for SNARE-induced membrane fusion, 
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raising the possibility that hemifusion be a common intermediate for all membrane fusion 
events. 
 
3.5  Methods 
  3.5.1 Protein sample preparation 
    Plasmid construction, mutagenesis, protein expression, purification and spin labeling for 
yeast SNAREs have been described(Chen et al., 2004). Briefly, v-SNARE Snc2p (amino 
acids 1−115, neuronal synaptobrevin analog) and a truncated version of t-SNARE Sso1p 
(neuronal syntaxin analog) Sso1pHT (amino acids 185−290), for which the N-terminal 
-helical Habc domain was deleted, were expressed as N-terminal glutathione S-transferase 
(GST) fusion proteins. The other t-SNARE component, Sec9c (amino acids 401−651 of 
Sec9, neuronal SNAP-25 analog), was expressed as C-terminal His -tagged protein. To place 
a unique cysteine for spin labeling, native Cys266 of Sso1pHT and Cys94 of Snc2p were 
replaced with alanines. The QuikChange mutagenesis kit (Stratagene) was used to generate 
point mutants. The truncated versions of Snc2p lacking parts of TMD were generated by 
introducing a stop codon at desired positions. DNA sequences were confirmed by the Iowa 
State University DNA Sequencing Facility.
6
 
    Recombinant proteins were expressed in Escherichia coli Rosetta (DE3) pLysS 
(Novagen). The His -tagged protein Sec9c was purified by Ni-NTA agarose beads (Qiagen). 
After binding and washing, the protein was eluted by elution buffer (PBS with 250 mM 




    Cysteine mutants of Snc2p were spin-labeled while the protein was still bound to beads. 
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A 20-fold molar excess of (1-oxyl-2,2,5,5-tetramethylpyrrolinyl-3-methyl) 
methanethiosulfonate spin label (MTSSL) was added to the column, and the reaction mixture 
was left overnight at 4 °C. Unreacted MTSSL was removed by washing with excess PBS 
buffer, pH 7.4, containing 0.2% (v/v) Triton X-100. The protein was cleaved by thrombin in 
cleavage buffer (50 mM Tris-HCl, 150 mM NaCl, 2.5 mM CaCl , pH 8.0, 0.2% (v/v) Triton 
X-100). Purified proteins were examined by SDS-PAGE (data not shown) and the purity was 
at least 90% for all proteins. The spin-labeling efficiency was estimated by comparing the 




   
3.5.2 Membrane reconstitution 
    The mixture of POPC, DOPS (molar ratio of 75:25) or DOPC/DOPS/DOPE (molar ratio 
of 35:35:30) in chloroform was dried in vacuum and was resuspended in a buffer (50 mM 
Tris-HCl, 150 mM NaCl, 2.5 mM CaCl , pH 8.0) to make the total lipid concentration 2 100 
mM. Large unilamellar vesicles (100 nm in diameter) were prepared using Extruder (Avanti 
Polar Lipids). Proteins were then mixed with vesicles at a desired protein/lipid molar ratio. 
The detergent in the samples was removed by the Bio-beads method. The samples were 
treated with Bio-beads SM2 (Bio-Rad). Bio-beads were first washed extensively with 
deionized water. After washing, water was decanted from Bio-beads as much as possible 
after centrifugation. Bio-beads were then directly added to the sample in the ratio of 200 mg 
per milliliter of mixed solution. After 30 min of nutation, Bio-beads were removed from the 
sample by removing the solution using a pipette after centrifugation at 5,000g. The same 
procedure was repeated three times. The samples were then dialyzed against 2 l dialysis 
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buffer (25 mM HEPES, 100 mM KCl, pH 7.4) at 4°C overnight to remove any trace amount 
of detergent that might interfere with the fluorescence measurement. After dialysis, the 
solution was centrifuged at 10,000g to remove protein and lipid aggregates. Reconstitution 
efficiency was estimated by determining the protein concentrations before and after 
reconstitution with EPR. For all samples, the efficiency was 60%. The reconstituted 
vesicles were examined with negative-staining EM as described(Chen et al., 2004) and the 
average size was 100 nm (data not shown). 
 
  3.5.3 EPR data collection and accessibility measurements 
    A Bruker ESP 300 EPR spectrometer equipped with a loop-gap resonator was used to 
obtain the EPR spectra. The details of data collection and analysis have been described 
(Kweon et al., 2002a; Kweon et al., 2003b). Briefly, power saturation curves were obtained 
from the peak-to-peak amplitude of the central line (M = 0) of the first derivative EPR 
spectrum as a function of incident microwave power in the range 0.1−40 mW. For each 
mutant, three power saturation curves were obtained after equilibration: (i) with N , (ii) with 
air (O ), and (iii) with N  in the presence of 200 mM NiEDDA. From saturation curves, the 
microwave power P , where the first-derivative amplitude is reduced to one-half of its 




P  is the difference in P  values in the 
presence and absence of a paramagnetic reagent. 
1/2 1/2
P  (in units of mW) is considered to be 
equivalent to the accessibility, W (Macosko et al., 1997). EPR saturation experiments were 







 3.5.4 Total lipid mixing fluorescence assay 
    To assay the total lipid mixing using fluorescence, Snc2p was reconstituted into the 
donor vesicles containing POPC, DOPS, NBD-PE and rhodamin-PE in the molar ratio of 
72:25:1.5:1.5. SSo1pHT was reconstituted into separate vesicles containing POPC and DOPS 
in the molar ratio 75:25. To measure the lipid mixing, Snc2p-reconstituted vesicles were 
mixed with Sec9c and Sso1pHT-reconstituted vesicles according to the aimed ratio. The final 
solution contained 1 mM lipids. Fluorescence was measured at excitation and emission 
wavelengths of 465 and 530 nm, respectively. Fluorescence changes were recorded with a 
Varian Cary Eclipse model fluorescence spectrophotometer using a quartz cell of 100ul with 
a 2-mm path length. The MFI was obtained by adding 0.25% (v/v) n-dodecylmaltoside 
(McNew et al., 2000b). All lipid mixing experiments were carried out at 35 °C. 
 
  3.5.5 Inner layer lipid mixing assay. 
    The inner layer lipid mixing assay was modified from a described method (Meers et al., 
2000). The donor vesicles with fluorescence probes exclusively in the inner layer were 
prepared before the lipid mixing assay. The method is based on the fact that the sodium 
dithionite reacts more rapidly with NBDs in the outer leaflet than those in the inner leaflet. 
By controlling the time and amount of dithionite, the reaction could be largely limited to the 
outer leaflet. Small aliquots of 200 mM sodium dithionite in 50 mM Tris buffer, pH 10, 
sufficient to reduce slightly more than 50% of NBD-PE, were added to the Snc2p- 
reconsitituted vesicles. The reaction was monitored at room temperature by scanning the 
fluorescence signal for 15 min from 500 to 700 nm with excitation at 460 nm. These vesicles 
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3.7 Figures and Captions 
 
 
Figure. 1. Site-directed spin labeling and the EPR analysis of Snc2p 
 
(a) Fusion activity of spin-labeled Snc2p mutants measured by an in vitro fusion 
assay(McNew et al., 2000a). The fusion activity of each mutant was normalized against that 
of the wild type. The reconstitution efficiency, determined by EPR(Macosko et al., 1997), 
was nearly the same for all mutants ( 60%). The fusion assay for every mutant was repeated 
three times.  
  
 84 
(b) Room temperature EPR spectra of the spin-labeled Snc2p mutants. The arrow indicates 
the broad component, suggestive of the tertiary interactions.  
(c) Helical wheel diagram of the Snc2p TMD. Positions 100, 103, 107 and 111, which show 
the tertiary interactions on one side of the helix are red and 98 and 109, which show the 
interactions on the other side of the helix, are yellow. We also noticed some weak tertiary 




















Figure. 2. Structural determination of the Snc2p TMD using EPR 
 
(a) Accessibility parameters W O2 and W NiEDDA. Typical WNiEDDA and WO2 values for the 
fully lipid-exposed residues are around 2 and 12 mW, respectively. 
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(b) Membrane immersion depths. Residues 98, 100, 103 and 107 were not included in the 
analysis. Pro109 is circled and highlighted red.  
(c) A structural model. The head group region of the bilayer is blue. The structure preceding 
position 96 was adopted from previous work(Chen et al., 2004; Macosko et al., 1997). 
Residues 93−108 (purple) are in the acyl chain region. Residues following Pro109 were 
modeled as a short -helix. Amino acids 93−108 span 22 Å (1.37 Å per residue on 





















Figure. 3. Total and inner leaflet lipid mixing for Snc2p and its mutants 
 
(a) Total lipid mixing assay. Fluorescence intensities are plotted versus time for experiments 
in which wild-type Snc2p was used (black) and Snc2p 1/2 was used as v-SNARE (blue). The 
red line is a control in the absence of Sec9c. The maximal fluorescence intensity (MFI) was 
obtained by adding 0.25% n-dodecylmaltoside (sudden jumps at the ends)(McNew et al., 
2000a).  The percent values of MFI for Snc2p and Snc2p 1/2 are approximately 31% and 
12%, respectively. Inset, the reconstitution efficiency was estimated using the SDS-PAGE 
analysis; wild-type Snc2p before (lane 1) and after reconstitution (lane 2), and Snc2p 1/2 
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before (lane 3) and after reconstitution (lane 4). The reconstitution efficiencies measured by 
densitometry were 60% for the wild type and 64% for the mutant. The Snc2p 1/2 bands 
seemed weaker owing to poorer staining than for the wild type, although the same amounts 
were used for lanes 1 and 3. 
(b) Reduction of NBD-PE by dithionite. The reduction of NBD-PE in donor vesicles by 
dithionite was measured as a loss of FRET between NBD and rhodamine (excitation at 460 
nm and detection at 590 nm). In set, florescence spectra before (black) and after dithionite 
treatment (red).  
(c) Inner leaflet mixing assay. Comparison of the inner leaflet mixing when Snc2p is used as 
v-SNARE (black) with that when Snc2p 1/2 was used (blue). The red line is the control in the 
absence of Sec9c. The percent values of MFI were about 28% for Snc2p and 3% for Snc2p
1/2, respectively. The red line is a control in the absence of Sec9c when Snc2p 1/2 was used, 
which shows 3% of MFI.  
(d) Total lipid (black) and inner leaflet (blue) mixing assays for the Snc2p mutant lacking 
residues 109−115 (Snc2p 109−115). The percent of MFI was 30% for both assays. The 












Figure. 4. Total and inner leaflet lipid mixing assays at low protein concentrations 
 
(a) Total lipid mixing assay for the 700:1 molar lipid/protein ratio (blue line). Both 
v-SNARE and t-SNARE are reconstituted to the vesicles containing DOPC, DOPS and 
DOPE (molar ratio of 0.35:0.35:0.3). The red line is the control without Sec9c. 
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(b) Inner leaflet mixing assay for the 700:1 lipid/protein ratio (blue line). The red line is the 
control without Sec9c.  
(c) The mixing efficiency (the percent of MFI) as a function of the lipid/protein ratio. The 
bars represent the fluorescence intensity change at 2,500 s. As controls, the fluorescence 
changes were measured in the absence of Sec9c. The controls, which were not the direct 
consequence of membrane fusion, were subtracted from the data in the analysis to calculate 













































Lipid mixing assay for the SNARE free PE-containing vesicles 
 
Vesicles containing DOPC, DOPS, and DOPE (molar ratio of 0.35:0.35:0.3) were mixed with 
the vesicles of the same composition but with 1.5% each NBD-PE and Rhodamin-PE. 







CHAPTER 4: SYNAPTOTAGMIN I AND Ca2+ PROMOTE HALF 
FUSION MORE THAN FULL FUSION IN SNARE-MEDIATED 
BILAYER FUSION1
Lu X2, Xu Y2, Zhang F and Shin YK
 
4.1 Abstract 
    Synaptic membrane fusion, which is necessary for neurotransmitter release, may be 
mediated by SNAREs and regulated by synaptotagmin (Syt) and Ca2+. Fusion of liposomes 
mediated by reconstituted SNAREs produces full fusion and hemifusion, a membrane 
structure in which outer leaflets are mixed but the inner leaflets remain intact. Here, using the 
liposome fusion assay, it is shown that Syt promoted both hemifusion and full fusion in a 
Ca2+-dependent manner. Syt · Ca2+ increased hemifusion more than full fusion, modulating 
the ratio of hemifusion to full fusion. Unlike the case of neuronal SNAREs, stimulation of 
fusion by Syt · Ca2+ was not seen for other SNAREs involved in trafficking in yeast, 
indicating that the Syt · Ca2+ stimulation was SNARE-specific. We constructed hybrid 
SNAREs in which transmembrane domains were swapped between neuronal and yeast 
SNAREs. With these hybrid SNAREs, we demonstrated that the interaction between the 




1 This paper is published in FEBS. Lett. 2006, 580(9):2238-46. Necessary modifications were made to fit the 
format of this thesis. 
 




Communication between neurons relies on neurotransmitter release at the synapse by 
way of membrane fusion (Jahn et al., 2003; Lin and Scheller, 2000; Sudhof, 2004). The 
influx of Ca2+ into the neuron triggers membrane fusion of the synaptic vesicles that store the 
neurotransmitters with the plasma membrane (Katz and Miledi, 1967). Synaptic membrane 
fusion requires vesicle-associated v-SNARE VAMP2 and its partners on the plasma 
membrane syntaxin and SNAP-25 (or t-SNAREs) (Chen et al., 1999; Rothman, 1994; Sollner 
et al., 1993a; Sollner et al., 1993b).  
The soluble domains of soluble N-ethylmaleimide-sensitive factor attachment protein 
receptors (SNAREs) function as molecular Velcro: the coiled coil motifs from v- and 
t-SNAREs associate with each other to form a parallel four-stranded helix bundle (Poirier et 
al., 1998b; Sutton et al., 1998), which brings the two membranes into close proximity. The 
fusogenic capacity of the SNARE complex has been demonstrated using an in vitro fusion 
assay employing reconstituted SNAREs (Weber et al., 1998). It is thought that SNARE 
complex formation provides the driving force for membrane fusion (Hanson et al., 1997), 
although a simple catalytic role of the complex can not be ruled out (Chen et al., 2001b; 
Zhang et al., 2005).  
SNARE assembly is followed by the mixing of the outer leaflets while the integrity of 
the inner leaflets is maintained (Giraudo et al., 2005; Lu et al., 2005; Reese et al., 2005; Xu et 
al., 2005). This half fusion state called hemifusion is likely to be a common intermediate 
shared by type I and type II viruses (Armstrong et al., 2000; Chernomordik and Kozlov, 
2003; Kemble et al., 1994; Melikyan et al., 2005; Melikyan et al., 2000; Zaitseva et al., 
2005). Transition from hemifusion to a fusion pore establishes the connection between two 
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aqueous contents. However, under certain limiting conditions, such as low surface protein 
density, hemifusion intermediates accumulate as a terminal fusion product (Chernomordik et 
al., 1998). The biological implications of such terminal hemifusion are yet to be understood. 
It is noteworthy though that the “kiss-and-run” event in which the exocytosis is carried out 
without the full fusion between the vesicle and the plasma membrane is observed in the 
neuron (Ales et al., 1999; Artalejo et al., 1998; Schneider, 2001).  
Neuronal exocytosis is tightly regulated by Ca2+ (Katz and Miledi, 1967). A vesicular 
membrane protein synaptotagmin (Syt), which has two Ca2+ binding C2A and C2B domains 
(C2AB) (Davletov and Sudhof, 1993; Perin et al., 1990; Petrenko et al., 1991), is believed to 
be a major Ca2+ sensor (Chapman, 2002; Fernandez-Chacon et al., 2001; Koh and Bellen, 
2003; Sudhof, 2002). Recent studies indicate that Syt · Ca2+ might stimulate 
SNARE-mediated membrane fusion (Chen et al., 1999; Tucker et al., 2004), promote the 
kiss-and-run events in vivo (Wang et al., 2003), and regulate the fusion pore opening (Bai 
and Chapman, 2004; Wang et al., 2006).  
In this work, we investigated the effects of soluble Syt (C2AB) and Ca2+ on hemifusion 
using reconstituted fusion assay. We found that although C2AB · Ca2+ stimulates both inner 
and outer leaflet mixings, it stimulates significantly more outer leaflet mixing than inner 
leaflet mixing, resulting in the accumulation of hemifusion. Further, our results employing 
the hybrid proteins derived from neuronal and yeast SNAREs demonstrate that the 
interaction between the neuronal SNARE motif and C2AB · Ca2+ is necessary for the 





4.3 Materials and methods 
  4.3.1 Plasmid construction 
Neuronal SNAREs, VAMP2 (amino acids 1–116), syntaxinHT (amino acids 168–288 of 
syntaxin 1 A) and SNAP-25 (amino acids 1–206) were all inserted into pGEX-KG (between 
EcoRI and HindIII sites) as glutathione S-transferase (GST) fusion proteins. Four native 
cysteines of SNAP-25 were replaced with alanines.  
Yeast SNAREs, Sso1pHT (amino acids 185–290 of Sso1p) and full-length Snc2p (amino 
acids 1–115) were inserted into pGEX-KG between EcoRI and HindIII sites, as GST fusion 
proteins. Sec9c (amino acid 401–651 of sec9) was inserted into pET-24b(+) between NdeI 
and XhoI sites as a His-tagged protein.  
To obtain hybrid SNARE Syn-TMY (Fig. 1) that is made of syntaxinHT cytoplasmic 
domain (CD) plus the linker region and the TMD of Sso1p, an XhoI site was introduced 
between the linker region and the TMD for syntaxinHT as well as for Sso1pHT. The XhoI 
site mutants were digested by XhoI and HindIII (New England Biolabs) to generate the TMD 
fragments and the remaining plasmid DNA that includes the vector, the CD and the linker 
region. The fragments were purified from agarose gel using QIAquick gel extraction kit 
(QIAGEN). The syntaxinHT CD plus linker fragment and Sso1pHT TMD fragment were 
ligated by Quick DNA ligation kit (New England Biolabs) to make the Syn-TMY hybrid 
mutant. The XhoI site was converted to its original sequence by mutagenesis.  
The other t- or v-SNARE hybrids – VAMP-TMY, Syn-LTMY, Snc-TMN and Sso-LTMN 
(Fig. 1) – were generated using the same strategy (Fig. 1C). The DNA sequences for all these 
SNARE hybrids were confirmed by DNA sequencing (Iowa State University DNA 
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Sequencing Facility). The plasmid for C2AB of synaptotagmin (amino acids 140–421) was 
kindly provided by Dr. Rizo (University of Texas Southwestern Medical Center). 
  4.3.2 Protein expression and purification 
The details of protein expression and purification were described elsewhere (Kweon et 
al., 2003a; Xu et al., 2005). Briefly, recombinant proteins were expressed in Escherichia coli 
Rosetta (DE3) pLysS (Novagen). The His-tagged protein Sec9c was purified by Ni-NTA 
agarose beads (Qiagen). After binding and washing, the protein was eluted in elution buffer 
(25 mM Hepes, 100 mM KCl with 250 mM imidazole, pH 8.0). GST fusion proteins were 
purified by affinity chromatography using glutathione-agarose beads (Sigma). The proteins 
were cleaved by bovine thrombin (CALBIOCHEM) in a cleavage buffer (50 mM Tris–HCl, 
150 mM NaCl, pH 8.0). syntaxinHT, VAMP2, Snc2p, Sso1pHT and all hybrid proteins 
contained 1% n-octyl-D-glucopyranoside (OG). Purified proteins were examined with 15% 
SDS–PAGE, and the purity was at least 90% for all proteins (Fig. 1A).  
To purify C2AB, cell pellet was resuspended in 10 mL PBS buffer (Phosphate-buffered 
saline, PH 7.4, with 0.5% (v/v) TritonX-100) with the final concentrations of 1 mM AEBSF, 
1 mM EGTA, and 5 mM DTT. The cell was broken by sonication on the ice bath and 
centrifuged at 13 000 × g for 20 min at 4 °C. The supernatant was mixed with 5 ml 
glutathione-agrose beads (50%) in PBS buffer and nutated in cold room for 2 h. After 
nutation, the beads were washed with a high salt buffer (50 mM Hepes, 1 M NaCl, PH 7.4) 
five times. In the high salt buffer 1 mM MgCl2, DNase (20 μg/ml) and RNase (4 μg/ml) were 
added and incubated for 6 h at 4 °C (Ubach et al., 2001; Wu et al., 2003). After washing by 
high salt buffer twice and low salt buffer (50 mM Hepes, 0.1 M NaCl, PH 7.4) five times, the 




  4.3.3 Membrane reconstitution 
The procedure was described elsewhere (Lu et al., 2005). Briefly, syntaxinHT, 
Syn-TMY and Syn-LTMY were incubated with SNAP-25 for 1 h under room temperature to 
allow for the formation of target membrane SNARE (t-SNARE) complex. The 50 mM 
liposomes containing 1-palmitoyl-2-dioleoyl-sn-glycero-3-phosphatidylcholine (POPC) and 
1,2-dioleoyl-sn-glycero-3-phosphatidylserine (DOPS) (molar ratio 65:35) were reconstituted 
with the preformed t-SNARE complex in a lipid/protein ratio of 200:1. The 10 mM 
fluorescent liposomes containing POPC, DOPS, NBD-PS 
(1,2-dioleoyl-sn-glycero-3-phosphoserine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl)), and 
rhodamine-PE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B 
sulfonyl)) in the molar ratio of 62:35:1.5:1.5 were reconstituted with v-SNARE in 200:1 
lipid/protein ratio. To remove OG, samples were diluted two times with dialysis buffer 
(25 mM Hepes, 100 mM KCl, pH 7.4), and then dialyzed against 2 L of dialysis buffer at 
4 °C overnight. After dialysis, the solution was centrifuged at 10 000 × g to remove protein 
and lipid aggregates. For yeast SNAREs, Sso1p and its derivatives were reconstituted 
directly into the POPC/DOPS liposomes without performing the t-SNARE complex with 
Sec9c. Sec9c was later added to the Sso1p liposomes before the fusion reaction. Snc2p and 
its derivatives were reconstituted to the fluorescent liposomes. The reconstitution efficiencies 




  4.3.4 Total fluorescence lipid mixing assay 
To measure the lipid mixing, v-SNARE liposomes were mixed with t-SNAREs 
liposomes in the ratio of 1:9. The final solution for each reaction contained about 1 mM 
lipids in Hepes buffer (25 mM Hepes, 100 mM KCl, PH 7.4) with a total volume of 100 μl. 
Fluorescence intensity was monitored with the excitation and emission wavelengths of 465 
and 530 nm, respectively. The fluorescence signal was recorded by a Varian Cary Eclipse 
model fluorescence spectrophotometer using a quartz cell of 100 μl with a 2-mm path length. 
After 5000 s, 0.25% n-dodecylmaltoside was added to obtain the maximum fluorescence 
intensity (MFI). All of the lipids mixing experiments were carried out at 35 °C.  
 
  4.3.5 Inner leaflet mixing assay 
The inner leaflet mixing assay was modified from the method developed by Meers et al. 
(Meers et al., 2000). The details of the method had been described elsewhere (Lu et al., 
2005). Simply by controlling the time and amount of dithionite, the NBD reduction can be 
limited to the outer leaflet. After a small amount (about 0.7 μl) of 100 mM sodium dithionite 
was added to the v-SNARE liposomes several times, the desired reduction of NBD could be 
achieved. When the outer leaflet NBD reduction was completed, the liposomes were 
subjected to the lipid mixing assay described above. v-SNARE liposomes without NBDs in 
the outer leaflets for inner leaflet mixing assay was consumed in 2 h to minimize the flip-flop 
between the bilayer of the liposomes. After collecting the time traces of total lipid mixing 
and inner leaflet mixing separately, the percentage of hemifusion was calculated as 
2(PT − PI)/[2(PT − PI) + PI] × 100, where PT is the percentage of maximum for total lipid 




  4.4.1 C2AB · Ca2+ stimulates membrane fusion 
We investigated the fusion of liposomes induced by neuronal SNAREs using a 
fluorescence lipid mixing assay. The t-SNARE complex, which contains syntaxin and 
SNAP-25, was reconstituted into the liposomes made of POPC/DOPS (65/35 mol/mol). The 
v-SNARE VAMP2 was also reconstituted into a separate stock of the POPC/DOPS 
liposomes (62/35 mol/mol) containing fluorescent lipids, NBD-PS and rhodamine-PE 
(1.5 mol% each). For both t-and v-SNAREs, the lipid/protein ratio was set at 200:1. When 
the t-SNARE liposomes were mixed with the v-SNARE liposomes at 35 °C, an increase of 
the fluorescence intensity was observed (Fig. 2A), indicating that the fusion occurred. Since 
the fluorescent lipids were distributed equally in the inner leaflet and the outer leaflet, the 
fluorescence change reflected the sum of outer leaflet mixing and inner leaflet mixing.  
To determine the effect of Syt and Ca2+ on total lipid mixing, we added soluble 
synaptotagmin C2AB that lacked the transmembrane domain (TMD) into the v-SNARE 
vesicles before the fusion reaction. C2AB reduced lipid mixing by about 20% (Fig. 2A). 
However, when we added Ca2+ with C2AB, we observed a two- to threefold increase of lipid 
mixing (Fig. 2A and B). The results are quantitatively consistent with the previous studies by 
Chapman and coworkers (Tucker et al., 2004).  
 
  4.4.2 C2AB · Ca2+ promotes half fusion more than full fusion for neuronal SNAREs 
    To measure inner leaflet mixing separately, we treated the v-SNARE liposomes with 
sodium dithionite. Under controlled conditions, sodium dithionite reduces NBD attached to 
the lipid head group in the outer leaflet to a non-fluorescent derivative while leaving NBD in 
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the inner leaflet unaffected. When we mixed the dithionite-treated v-SNARE liposomes with 
the t-SNARE liposomes, inner leaflet mixing was observed. The extent of inner leaflet 
mixing was less than that of total lipid mixing (Fig. 2A). The difference between total lipid 
mixing and inner leaflet mixing indicated that some fusion events were half fusion, the sum 
of “kiss-and-runs” and terminal hemifusion. The fluorescence fusion assay is not capable of 
distinguishing these two “half-fusion” events. The percentage of half fusion was 
approximately 45% of all fusion events after 80 min (Fig. 2B). C2AB itself decreased inner 
leaflet lipid mixing slightly. The percentage of half fusion was approximately 30% (Fig. 2B). 
When Ca2+ was added with C2AB, however, there was some stimulation of inner leaflet 
mixing, but not as much as outer leaflet mixing (Fig. 2B). Such uneven stimulation of total 
lipid mixing and inner leaflet mixing resulted in the increase of the percentage of half-fusion 
to 60%, a twofold enhancement by Ca2+ (Fig. 2B). Thus, although C2AB · Ca2+ stimulates 
membrane fusion on the whole, it does more for half fusion than for full fusion.  
 
  4.4.3 C2AB · Ca2+ interacts with soluble SNARE motifs for stimulation of fusion 
Recent studies have shown that the TMDs of SNAREs play an essential role in 
promoting the transition from hemifusion to full fusion: lipid-anchored SNAREs (Giraudo et 
al., 2005; Grote et al., 2000) or SNAREs with a short TMD (Xu et al., 2005) produce only 
half fusion. One might ask whether the increase of half fusion by C2AB · Ca2+ implicates its 
interaction with the SNARE TMDs. To test this idea, we constructed hybrid proteins in 
which the transmembrane domains were swapped between neuronal and yeast SNAREs (Fig. 




First, as a control, we tested whether C2AB · Ca2+ influences fusion mediated by yeast 
SNAREs Sso1p, Sec9c, and Snc2p, which are involved in post-Golgi trafficking without Ca2+ 
regulation. Also, Syt has not been found on this particular secretory pathway. Sso1p and 
Sec9c are syntaxin and SNAP-25 analogs and Snc2p is the yeast counterpart of neuronal 
VAMP2. The fusion activity of yeast SNAREs was about three times higher than that of 
neuronal SNAREs (Fig. 3A), under similar conditions. The extent of inner leaflet mixing was 
comparable to that of outer leaflet mixing (Fig. 3A), showing little accumulation of half 
fusion. C2AB decreased total lipid mixing and inner leaflet mixing by 20–30% (Fig. 3A and 
B). Ca2+ did not change both lipid mixings further (Fig. 3A and B), showing no Ca2+ effect 
for yeast SNAREs. One might argue that no stimulation of fusion by Ca2+ is due to the higher 
fusion activity of yeast SNAREs. In order to rule out this possibility, we deliberately 
decreased the fusion activity a half by lowering the protein surface density to 1:400. As 
expected, we did not observe stimulation of fusion by C2AB · Ca2+ with this lower 
lipid/protein ratio either (data not shown).  
We first examined the hybrid SNAREs made of the yeast cytoplasmic domains (CDs) 
and the neuronal linker plus TMDs (Fig. 1C). For this set of mutants, the overall fusion 
activity was reduced to one half of the activity of yeast SNAREs. The response to C2AB and 
C2AB · Ca2+ is similar to that of yeast SNAREs: there was no stimulation of fusion by 
C2AB · Ca2+. Instead, C2AB decreased the total lipid mixing by 20% and the inner leaflet 
mixing by 30% (Fig. 4A), which results in some half fusion (10–20%). Thus, the results 
showed that the linker regions and TMDs of neuronal SNAREs were not the effectors of 
C2AB · Ca2+ action.  
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Next, we tested the hybrid SNAREs made of the CD plus linker of neuronal proteins 
and the TMD of yeast proteins (Fig. 1C). The fusion activity of this set of mutants was 
somewhat reduced when compared to that of neuronal SNAREs. C2AB alone decreased the 
fusion activity slightly, but C2AB · Ca2+ stimulated total lipid mixing significantly, as much 
as factors of 2–3 (Fig. 4B). In contrast, C2AB · Ca2+ stimulated inner leaflet mixing only 
slightly (Fig. 4B), resulting in the significant accumulation of half fusion, similar to what had 
been observed for neuronal SNAREs. We also tested similar hybrid SNAREs in which the 
amino acid sequence from yeast proteins were extended to cover the linker region. These 
proteins behaved nearly the same as the aforementioned hybrid SNAREs except for a slight 
increase of inner leaflet mixing by C2AB · Ca2+ (Fig. 4C).  
In summary, the results with hybrid SNAREs suggest that the interaction between 
C2AB · Ca2+ and the soluble SNARE motifs of neuronal proteins was responsible for both 
the overall stimulation of membrane fusion and the increase of half fusion.  
 
4.5 Discussion 
There is overwhelming evidence that the synaptotagmin acts as a calcium sensor for 
neurotransmitter release at synapses (Brose et al., 1992; Fernandez-Chacon et al., 2001; 
Maximov and Sudhof, 2005), although the exact mechanism by which it stimulates 
membrane fusion is elusive. The difficulty arises partly from its promiscuous interactions: 
Syt binds to t-SNAREs and the SNARE complex in a Ca2+-dependent or independent manner 
(Bai et al., 2004b; Bennett et al., 1992; Chapman et al., 1995; Gerona et al., 2000; Zhang et 
al., 2002). Ca2+ also promotes the Syt binding to the negatively charged lipids (Bai et al., 
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2004a; Brose et al., 1992; Fernandez-Chacon et al., 2001; Zhang et al., 1998), perhaps 
assisting the membrane apposition.  
The in vitro fusion assay using reconstituted SNAREs and soluble C2AB provides an 
opportunity for the characterization of the Syt function in a relatively isolated situation. In 
this assay, C2AB did not stimulate membrane fusion induced by yeast SNAREs, in contrast 
to the case with neuronal SNAREs. Thus, a specific interaction between Syt and neuronal 
SNAREs appears to be essential for the stimulation of the fusion.  
The assay results with the hybrid SNAREs excluded the linker regions and the TMDs of 
neuronal SNAREs as a target for C2AB · Ca2+. We also found that the negatively charged 
lipid (DOPS) on the membrane is required for the stimulation for neuronal SNAREs (data not 
shown), which is similar to the results from a previous report (Tucker et al., 2004). However, 
it is unknown how the stimulation of fusion is orchestrated by the C2AB · Ca2+ binding itself 
both to SNARE motifs and the membrane. Interestingly, the slight inhibition of the fusion 
activity of yeast SNAREs by C2AB · Ca2+ were not seen when the neutral PC liposomes 
were used (Fig. S1). This implies that the membrane binding alone causes the inhibition 
rather than the promotion of fusion.  
Our results showed that C2AB · Ca2+ stimulated both half fusion and full fusion, but 
more the former than the latter, increasing the net ratio of half fusion to full fusion. We 
predict that a significant fraction of the half-fusion events was “hemi-and-run”. At present, it 
is not clear whether hemi-and-run is related to kiss-and-run.  
A current mechanistic model for viral membrane fusion may be summarized as 
(Chernomordik et al., 1998): 
Two separate membranes↔hemifusion↔small pore→large pore→full fusion
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The initial two steps involving hemifusion and small pore are all reversible. The transition 
from the small pore to the large pore is the rate-determining step and it is irreversible. It was 
previously shown that hemifusion can coexist with the small pore (Chanturiya et al., 1997; 
Chernomordik et al., 1998), which might allow the passage of small molecules. For 
SNAREs, we speculate that such small pores might serve as pores for neurotransmitters. The 
small pore might not be exclusively lined by the TMDs of SNAREs (Han et al., 2004) but 
perhaps by the mixture of the TMDs and lipids (White and Castle, 2005).  
In neuronal exocytosis, the “kiss-and-run” plays an important role in supporting 
efficient recycling of synaptic vesicles (Sudhof, 2004). Furthermore, it was demonstrated by 
Jackson and coworkers that the ratio between the kiss-and-run and full fusion can be 
modulated by Syt · Ca2+ (Wang et al., 2003). However, it was Syt IV, but not Syt I, that 
increased the ratio of the kiss-and-run to full fusion, which was somewhat inconsistent with 
our results. The absence of other regulatory factors in our simplified in vitro assay system 
could have altered the outcome. Nevertheless, it is important to note that the two  
studies agree upon the role of Syt · Ca2+ in modulating the ratio between the kiss-and-run (or 
hemi-and-run) and full fusion.  
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Fig. 1. Hybrid SNAREs made from yeast proteins and neuronal proteins 
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(A) SDS–PAGE of recombinant SNARE proteins. C2AB, soluble synaptotagmin lacking the 
TMD; Snc-LTMN, the v-SNARE hybrid made from the yeast Snc2p cytoplasmic domain 
(CD) and the neuronal VAMP2 linker plus TMD; Sso-LTMN, the t-SNARE hybrid made 
from the yeast Sso1pHT CD and the neuronal syntaxinHT linker plus TMD; VAMP-TMY, 
the v-SNARE hybrid made from the VAMP2 CD plus linker and the Snc2p TMD; Syn-TMY, 
the t-SNARE hybrid made from the syntaxinHT CD plus linker and the yeast Sso TMD; 
VAMP-LTMY: the v-SNARE hybrid with the VMAP2 CD and the Snc2p linker plus TMD; 
Syn-LTMY, the t-SNARE hybrid with the syntaxinHT CD and the Sso linker plus TMD.  
(B) Sequence alignment of v-SNAREs Snc2p and VAMP2, and t-SNARE Sso1p and 
syntaxinHT in the linker and TMD region. The diagram was generated by Clustal X (1.83).  













Fig. 2. C2AB · Ca2+ stimulates membrane fusion mediated by neuronal SNAREs 
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(A) Fluorescence intensity changes for total lipid mixing and inner leaflet mixing for 
neuronal SNAREs (blue traces), in the presence of 4.5 μM C2AB and 50 μM Ca2+ (red 
traces), in the presence of 4.5 μM C2AB and 100 μM EGTA (cyan traces), and in the 
presence of 50 μM Ca2+ (green traces) are shown. The lipid/protein ratio was 200:1. Raw 
data were normalized with respect to the maximum fluorescence intensity obtained by adding 
0.25% n-dodecylmaltoside (Xu et al., 2005) . The black trace is the control using the 
t-SNARE liposome reconstituted with syntaxinHT only (without SNAP-25).  
(B) The bar graph representing the efficiencies of total lipid mixing and inner leaflet mixing 
80 min after the start of the reaction. The error bars represent the standard deviations from 
three independent measurements. The addition of Ca2+ alone did not alter the fusion trace 
















Fig. 3. C2AB · Ca2+ does not stimulate membrane fusion mediated by yeast SNAREs 
(A) Fluorescence intensity changes for total lipid mixing and inner leaflet mixing for yeast 
SNAREs (blue traces), in the presence of 4.5 μM C2AB and 50 μM Ca2+ (red traces), in the 
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presence of 4.5 μM C2AB and 100 μM EGTA (cyan traces), and in the presence of 50 μM 
Ca2+ (green traces) are shown. The lipid/protein ratio was 200:1. The data were normalized 
with respect to the maximum fluorescence intensity obtained by adding 0.25% 
n-dodecylmaltoside. The black trace is the control in which Sec9c was not added to the 
fusion reaction.  
(B) The bar graph representing the efficiencies of total lipid mixing and inner leaflet mixing 
80 min after the start of the reaction. The error bars represent the standard deviations from 
three different measurements. The addition of Ca2+ alone did not alter the fusion trace 
















Fig. 4. Fusion activities of hybrid SNAREs 
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(A) The bar graph of total lipid mixing and inner leaflet mixing for hybrid SNAREs made of 
the yeast CD and the neuronal linker plus TMD (Snc-TMN, Sso-TMN and Sec9c).  
(B) The bar graph of total lipid mixing and inner leaflet mixing for hybrid SNAREs made of 
the neuronal CD plus linker and the yeast TMD (VAMP-TMY, Syn-TMY and SNAP-25).  
(C) The bar graph of total lipid mixing and inner leaflet mixing for hybrid SNAREs made of 
the yeast CD and the neuronal linker plus TMD (VAMP-LTMY, Syn-LTMY and SNAP-25). 
The data represent the fusion efficiencies 80 min after the initiation of the fusion reaction. 


















4.8 supplementary data 
 
 
Fig. S1. Negatively charged lipid PS is required for the reduction of the fusion activity 
of yeast SNAREs by C2AB · Ca2+
      Fluorescence intensity changes for total lipid mixing and inner leaflet mixing for 
yeast SNAREs (blue traces), in the presence of 4.5 μM C2AB and 50μM Ca2+ (red 
traces) and in the presence of 4.5 μM C2AB and 100 μM EGTA (cyan traces) are 
shown. The lipid/protein ratio was 200:1. The vesicles used in this experiment contain 
no DOPS, and the POPC was 100% for unlabeled liposomes and 97% for labeled 




CHAPTER 5: GENERAL SUMMARY AND FUTURE WORKS 
 
5.1 Summary 
   In this dissertation, EPR results showed that yeast SNARE assembly automatically 
happened either as SNAREs reconstituted on the membrane or not. Also, the EPR method 
observed that neuronal SNARE assembly was prevented once the v-SNARE was 
reconstituted into the membrane (Kweon et al., 2003b). Importantly, these results are also 
consistent with constitutive active yeast membrane fusion and highly regulated synaptic 
membrane fusion. Here, the structure analysis using EPR showed that the linker region of 
yeast v-SNARE (Snc2p) is mainly a two turn α-helix that connects with the transmembrane 
domain by a random coil. This two turn α-helix has a 40˚ angle with respect to the membrane 
normal. Although the Snc2p linker region feature is very similar to the neuronal v-SNARE 
(Kweon et al., 2003b), there still is the major difference from the deeper membrane insertion 
of the neuronal v-SNARE linker region. In the linker region of Snc2p, none of the SNARE 
motif residues are buried into the hydrophobic layer of the membrane, making the entire 
SNARE motif of the v-SNARE totally available for the t-SNARE to form the SNARE 
complex. Unlike yeast, the neuronal v-SNARE linker region membrane deep insertion 
restricts v-SNARE availability to the t-SNARE for complex assembly. Thus the v-SNARE – 
membrane interaction may be the molecular structural determination for regulated versus 
constitutive membrane fusion in cell. 
    The EPR collisional method helps us to determine the topology of the Snc2p 
transmembrane domain. Overall, this transmembrane domain is an α-helix spanning the 
bilayer, with a breaking at 109 proline. The tilting angle of the helix is about 24◦. On several 
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positions, they showed tertiary interaction with neighboring transmembrane domains, which 
may imply the transmembrane domain clustering of Snc2p. The fusion pathway- hemifusion 
was observed by a Snc2p mutant. Based on the transmembrane domain topology, the 
transmembrane domain half truncated mutant was designed.  The lipid mixing assay and 
inner leaflet mixing assay help to distinguish the full and hemi-fused status of liposomes and 
give us the tools to identify hemifusion by the snc2p mutant. Further, decreasing SNAREs 
density on the membrane surface also gave us the opportunity to observe the increased ratio 
of the hemifusion. Similar results were verified by both the neuronal SNARE (Lu et al., 
2005) and the virus (Chernomordik et al., 1998; Mittal et al., 2003) induced membrane 
fusion. This discovery of hemifusion was proved by a series of later papers (Giraudo et al., 
2005; Lu et al., 2005; Reese et al., 2005; Reese and Mayer, 2005), indicating that hemifusion 
should be a common membrane fusion pathway.  
Neuron transmitter release is a regulated fast fusion processed by Ca2+ influx. The 
regulatory proteins involved in neuron transmitter release include synaptotagmin (Syt), 
complexin, MUNC 18 and MUNC13. In this dissertation we are interested in 
synapytotagmin, the Ca+ sensor (DiAntonio et al., 1993; Fernandez-Chacon et al., 2001; 
Geppert et al., 1994; Littleton et al., 1993; Nonet et al., 1993). In this work, the in vitro lipid 
mixing assay using reconstituted SNAREs and the soluble part of synaptotagmin-C2AB 
enable the study of C2AB regulated function. C2AB, with or without Ca+ did not affect yeast 
SNARE induced membrane fusion. In contrast, the neuronal SNARE involved in membrane 
fusion was promoted by C2AB·Ca+. Thus, the fusion stimulation by Syt · Ca+ should be 
neuronal SNARE specific. The assay results with yeast and neuronal SNAREs domain 
hybrids excluded the linker region and transmembrane domain as a target for C2AB·Ca+. 
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These results also found that C2AB·Ca+ promote both half fusion and full fusion, but 
promote more half fusion.  
 
5.2 Future works 
Information gathered from this course of work provides more understanding of the 
molecular mechanism of SNARE-mediated membrane fusion and the future direction of 
work. Even the detail of membrane fusion pathway through hemifusion is still unclear, but 
the transmembrane domain of SNAREs has been shown to be important for membrane fusion 
process (Grote et al., 2000; McNew et al., 2000b). The transmembrane domain of t-SNARE 
itself oligomerization (Hofmann et al., 2006; Kroch and Fleming, 2006), is likely to organize 
several SNARE complexes clustering around the active fusion zone for membrane fusion. 
During fusion, the heteromeric assembly in the transmembrane domain of v- and t-SNARE 
(Kroch and Fleming, 2006; Margittai et al., 1999) may help fusion transit from hemifusion to 
full fusion. These studies of structure conformational changes combined with their 
corresponding fusion status identification will clarify the role of SNAREs in the fusion 
pathway. 
Since membrane fusion in synaptic vesicle exocytosis is highly regulated, the study of 
SNAREs induced membrane fusion is more and more focused on examining the membrane 
fusion regulate factors. A couple of the  latest papers have shown that complexin and 
synaptotagmin cooperate together on the SNARE complex base to control the fast 
neurotransmitter release(Giraudo et al., 2006; Tang et al., 2006). Fresh researche 
indicatesMUNC18 can bind with the SNARE complex to promote synaptic vesicle fusion 
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(Dulubova et al., 2007; Shen et al., 2007). Understanding these regulators will deeply unravel 
the mystery of membrane fusion. 
The conventional lipid mixing assay is a power tool to study membrane fusion in vitro 
(Weber et al., 1998). A new generation of the in vitro fusion assay method is total internal 
reflection florescence (TIRF) microscopy. This great technique is capable of tracking a single 
fusion event on time scale and helping to characterize fusion intermediates (Bowen et al., 
2004; Fix et al., 2004; Liu et al., 2005; Melikyan et al., 2005; Yoon et al., 2006). This new 
technique is ideal to investigate the fusion intermediates and how the regulators, such as 
synaptotagmin and complexin affect the fusion intermediates. 
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